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PREFACE 


Tb«  University  of  Arizona,  Engineering  Research  Laboratory,  was  host  to  the  Soil-Structure  Interoction  Symposium 
on  the  campus  at  Tucson,  Arizona.  Arrangements  were  sponsored  and  supported  punuant  to  a  controct  between  the 
Univenity  of  Arizona  and  the  United  States  Department  of  Defense,  Office  of  Civil  Defense,  in  cooperation  with  other 
ogencies  of  the  United  States  Government. 

These  proceedings  publish  the  formal  as  well  as  the  informal  material  which  was  presented  during  the  four  days, 
June  8  through  June  11,  1964.  In  general,  the  individual  sessions  followed  a  similar  pattern  in  which  previously  prepared 
papers  were  given  by  the  author  after  which  questions  were  considered.  The  formal  papers  are  presented  herein  under 
session  headings;  the  less  formal  discussion  is  presented  later  under  similar  session  headings. 

The  reasoning  upon  which  the  symposium  was  based,  and  the  purposes  to  be  realized,  ore  best  exemplified  in 
welcoming  addresses  given  in  the  opening  session  by  Dr.  James  R.  Show,  representing  the  Univenity  of  Arizona,  and 
Mr.  F.  J.  Tamonini,  representing  the  Office  of  Civil  Defense. 

DR.  JAMES  R.  SHAW* 

I  welcome  you  to  the  Univenity  of  Arizono  on  behalf  of  Dr.  Harvlll**  ond  Dr.  Patrick***,  who  regret  very  much 
that  they  will  be  unable  to  join  you.  I  bring  you  their  greetings.  The  general  area  of  civil  defense  and  survival  has  been 
one  of  major  interest  at  the  Univenity  of  Arizona  for  a  considerable  number  of  yean. 

The  power  of  atomic  bombs  and  thermonuclear  devices  staggen  the  imagination.  And  the  reactions  of  this 
tremendous  stress  situation  on  the  port  of  people  generally  hove  been  of  great  concern  to  us,  porticularly  in  the  medical 
field,  as  well  os  in  the  engineering  field.  The  general  attitude  was  somewhat  improved  a  year  ago  when  the  Latham  and 
Martin  book,  Strotegy  for  Survival  (Univenity  of  Arizona  Press,  1963),  focused  our  ottentlon  on  the  problem  ond  gave 
some  hope  for  the  f'uture.  We  are  proud  of  the  young,  dedicated,  hard-working  staff  interested  in  this  oreo;  and  we  are 
particularly  proud  of  the  fact  that  you  honored  Arizona  by  joining  here  in  your  discussions.  The  staff,  I  might  odd,  joins 
you  in  not  knowing  that  this  job  cannot  be  done. 

From  a  psychological  and  psychiatric  point  of  view,  people  under  tremendous  stress  situations  react  generally  in 
one  of  four  different  ways.  At  the  time  of  the  application  of  ^e  stress,  there  is  a  very  large  group  of  Individuals  who  are 
completely  unstable,  emotionally.  They  are  a  nuisance,  they  require  on  expenditure  of  resources,  tinw,  and  even  control. 
There  is  another  large  group  who  completely  Ignore  everything.  They  just  fail  to  recognize  any  change  in  anything,  push 
it  conpletely  from  consciousness,  and  may  even  wander  around  and  do  nonsensical  things.  They  are  not  any  particular 
problem  or  danger  because  they  are  in  a  world  by  themselves,  and  isolate  themselves  by  blocking  everything  from  con¬ 
sciousness.  There  Is  a  third  group  who  are  unable  to  make  decisions  or  evoluate  the  situation;  but  who  ore  very  onxious  to 
help  and  will  attach  themselves  very  early  to  true  leaders  who  come  out  of  the  rubble  or  come  into  the  rubble  area,  assess 
the  situation,  and  make  plans.  Then,  thank  God,  there  is  always  the  fourth  group;  who  ore  oble  to  pick  themselves  up, 
knock  the  dust  off,  look  around  and  see  what  the  situation  is,  think  very  clearly,  and  develop  plans  to  carry  out  procedures 
to  make  the  most  of  it.  I  feel  the  group  we  now  have  In  this  room  fall  into  this  latter,  and  very  importont,  category. 

This  symposium  Is  the  first  one  of  Its  kind  in  the  field  of  underground  survive!  construction  design.  The  objective 
of  the  syrr^slum  is  a  review  of  the  present  status  of  the  art  and  science.  You  are  here  to  evaluate  the  potential  for 
further  productive  research  in  this  general  area  of  interest.  I  con  only  join  Stuart  L.  Pittman,  Assistant  Secrotwy  of 
Defense  for  Civil  Defense,  when  he  said:  "Let  us  get  on  with  this  work,  even  though  when  the  threot  fades  there  is  little 
appetite  for  the  dismal  subject  of  suivivol.  We  owe  this  to  our  country.  It  makes  us  a  tougher  nut  to  crock  end  it  mokes 
war  less  likely."  To  this  I  would  like  to  add  thot  your  efforts  are  in  direct  support  of  peoce.  We  wish  you  greet  success. 
We  hope  that  your  deliberations  here  are  fruitful. 

Mr.  F.  J.  TAMANINI**** 

It  certainly  is  a  pleasure  to  join  the  Univenity  of  Arizona  In  welcoming  this  group,  the  Soil-Structure  Interaction 
Syrr^sium.  I  would  like  to  take  the  next  few  minutes  to  actually  paint  a  backdrop  to  the  overall  program,  indicate  what 
is  behind  it,  and  how  this  effort  fits  into  the  overall  environment.  To  many  of  you  this  may  be  a  slight  review  or  o  slight 
updating. 

*  Associate  birector  of  Research,  Univenity  of  Arizona,  Tucson,  Arizona. 

**  President  of  the  Univenity  of  ^Izona,  Tucson,  Arizona. 

*•*  Director  of  Research,  Univenity  of  Arizona,  Tucson,  Arizona. 

****ChIef  Structural  Engineer,  Architectural  and  Engineering  Development  Division,  Office  of  Civil  Defense.Deportment 
of  Defense,  Woshington,  D.C. 
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In  1961  when  the  President  Issued  on  executive  order  placing  major  civil  defense  responsibilities  In  the  Department 
of  Defense,  he  established  the  Office  of  Civil  Defense.  At  the  some  time,  he  mode  Stuart  L.  Pittmon  Assistant  Secretary 
o>  Defense  for  Civil  Defense.  This  octuolly  mode  a  workable  defense  posture  available  to  the  country,  because  now  If 
became  poulble  for  the  Deportme^t  of  Defense  to  hove  o  system  of  weaponry  available  to  It,  to  hove  milltory  services, 
ond  olso  to  hove  civil  defense  in  the  military  establishment.  Civil  Defense  wos  rto  longer  a  separate  office  under  the 
President  or  under  on  ogency  outside  of  the  Department  of  Defense.  This  wos  a  most  Important  shot  In  the  orm,  because 
now  the  Deportment  of  Defense  wos  oble  to  move  out  In  cooperation  with  the  milltory  services  In  planning  what  civil 
defense  should  be  cortcemed  with  and  what  the  military  services  should  do  to  assist  Civil  Defense.  One  of  the  major  con¬ 
clusions  established  at  this  time  was  that  the  architectural  and  engineering  professions  of  this  country  certainly  hod  to  be 
relied  upon  to  do  the  technical  task  at  hand.  The  President  and  Secretory  of  Defense  decided  to  conduct  computer  studies 
and  war  gaming  to  decide  what  challenges  confront  Civil  Defense.  This  wos  done.  I  might  state  that  a  major  problem 
confronting  the  country  was  that  there  were  rrot  rrxjny  orchitects  and  errgtneers  acquainted  with  weapons  effects,  with  a 
shielding  methodology,  or  with  protective  construction.  The  Office  of  Civil  Defense  decided  It  must  go  to  the 
universities  and  campuses  of  the  country  to  present  progroms  for  tI.B  practicing  architects  and  engineen.  In  order  to  move 
oheod  in  on  effort  to  provide  adequate  shelter  for  about  240  million  people  by  1970.  This  rtKijor  program  was  initiated 
with  several  workshops  and  about  eight  universities  and  two  service  schools.  This  professional  development  program  has 
grown  to  Include  approximately  115  educational  Institutions  and  about  195  qualified  Instructors  who  are  acquainted  with 
effects  of  weapons,  shielding  methodology  and  protective  construction.  These  numbers  are  Increasing  steadily  by  the 
splendid  cooperation  developed  with  the  universities.  In  the  meantime,  protective  construction  manuals,  and  other 
publicotlons  were  also  being  generated  and  sponsored  by  divisions  other  than  the  one  with  which  I  am  associated. 

So  we  hove  techrfology  coming  Into  operations,  and  we  hove  professional  development  programs  being  integrated 
by  the  universities  and  their  staff  into  the  architectural  ond  engineering  professions.  I  might  add  that  to  date  we  hove 
opproximotely  5800  practicing  architects  and  ersgineers,  including  faculty  and  instructors,  who  are  qualified  and  certified 
by  the  Department  of  Defense,  after  taking  a  very  intensive  course  in  radiation  shleldirq  methodology.  It  might  be  well 
at  this  point,  to  Indicate  that  the  national  policy  for  civil  defense  is  concentrated  on  providing  adequate  fallout  shelter 
space  for  everyone  in  the  cour  ‘ry.  The  life-saving  potential  of  fallout  shelters  can  be  readily  shown.  If  one  thinks  in 
terms  of  a  cigar,  a  lighted  cigar,  where  ground  zero  is  the  burriing  end  which  is  the  high-lnitlol-effects  orea,  and  the 
rest  of  the  cigar  is  the  fallout  pattern.  The  national  investment  policy  is  concerned  with  that  area  depicted  os  the  fallout 
pattern  area.  Thot  is  where  there  is  the  most  life-saving  potential  per  dollor. 

However,  we  offer  protective  construction  programs  dealing  with  structural  dynamics.  These  educational 
pregrams  were  necessary  because  many  of  the  orchitects  and  engineers  who  had  to  deol  with  emergency  operating  ceni'i^rs, 
communication  centers,  control  centers  and  other  focilities,  needed  to  know  something  about  overpressure.  They  had  to 
know  something  about  concomitant  effects  and  the  treatment  thereof,  in  oddition  to  the  rodlatlon  shielding.  These  courses 
are  limited  in  number.  Only  about  six  or  eight  hundred  hove  taken  this  progrom  In  protective  construction.  This  is  the 
constructional  dynamics  or  blast  program. 

We  also  hove  two  other  programs  that  are  port  of  this  readiness  program  for  the  country.  One  is  the  environ¬ 
mental  engineering  program,  which  is  orientated  toward  the  mechanical  engineer.  This  again  came  about  because  of 
the  requirements  to  build  more  environmental  control  into  all  our  shelters  for  tsmperatui'e,  ventilation,  and  so  on,  which 
mokes  more  shelter  space  available  at  very  little  cost.  We  also  hove  o  shelter  planning  program  for  the  principals  of 
architectural  engineering  firms  who  ore  not  the  slide  rule  operators  or  design  personnel  of  the  consulting  firms  but  rather 
the  actual  individuals  who  ore  the  fint  contact  with  the  client. 

This  program  for  soil -structure  interaction  came  about  because  It  was  called  to  our  attention  that  there  were 
numerous  oreos  in  soil-structure  interaction  that  needed  either  more  informotion  or  dissemination  of  the  information  that 
was  alreody  currently  available,  but  available  only  to  certain  researchers,  or  certoin  loborotorles  or  government  offices, 
and  not  readily  available  to  anyone  who  would  be  ossocioted  with  protective  construction  or  shelters  that  required 
additional  features  other  than  radiation  shielding.  So  the  University  of  Arizona  and  our  headquarters  office  discussed 
the  possibility  of  having  this  get-together  here  for  reviewing  the  state  of  the  ort  ond  providing  a  meeting  ground  for  not 
only  researchers  but  practicing  engineen  and  university  faculty  in  order  to  see  the  over-all  current  picture  and  perhaps 
see  it  better  from  our  vontoge  position  here. 

This  porticular  program  does  not  realign  civil  defense  policy.  It  is  no  deviation  from  it.  Wo  ore  not  attempting 
to  change  the  notional  fallout  shelter  policy.  It  is  very  important  that  we  get  this  point  across  to  those  w.'io  ore  present 
so  that  nothing  is  reod  into  the  foct  that  we  ore  still  looking  to  the  future  while  making  progress  in  the  direction  of 
providing  the  nation  with  readiness  and  with  shelten.  This  is  the  approach  of  the  Department  of  Defense.  I  think  there 
is  going  to  be  a  lot  to  show,  to  reod,  and  to  study.  It  is  hoped  that  through  the  material  that  comes  from  this  symposium 
we  will  realize  on  improved  protective  shelter  program. 
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SESSION  ONE -MONDAY  AM 


OPENING  ADDRESS 


THE  BASIS  OF  CLTRENT  CRITERIA  FOR  THE  DESIGN  OF 
UNDERGROUND  PROTECTIVE  CONSTRUCTION 
by 

N.  M.  NewmoHc* 


INTRODUCTION 

I  Intend  to  talk  about  some  of  the  ospects  of  underground  protectlvf,  construction.  The  title  of  the  talk  Is  given 
os  *The  Basis  of  Current  Criteria  for  the  Design  of  Underground  Protective  Construction."  I  am  not  sure  that  this  talk  will 
be  entirely  on  the  subject,  but  I  shall  discuss  a  number  of  the  topics  that  ore  Important  and  that  hove  been  token  into 
occount  In  the  design  of  underground  protectlvj  structures,  particularly  military  structures.  It  Is  accessory  to  discuss 
structural  design  criteria  because  as  Tomanini  pointed  out,  the  Civil  Defense  program  has  thus  for  been  related  only 
to  rodiation  and  fallout  shelter  design  (see  Preface).  There  has  been  and  will  always  be  the  possibility  of  designing  fallout 
shelters  to  give  blast  protection  as  a  sort  of  bonus  since  it  Is  sometimes  possible,  without  the  expenditure  of  too  much 
additional  money,  to  build  into  fallout  shelters  blast  protection  os  welt.  However,  the  general  interest  In  the  civilian 
defense  program  is  for  lower  levels  of  overpressure  than  one  usually  considers  important  in  the  military  program.  I  shall 
limit  rt^self,  when  it  is  necessary  to  provide  a  limitation  on  the  design  criteria,  to  the  region  where  the  overpressure  level 
Is  of  the  order  of  not  more  than  200  or  300  lb  per  sq  Inch.  You've  probably  heard  lately  that  we  con  consider  much  higher 
overpressures  for  militory  structures.  But  the  fypes  of  behavior  one  most  consider  at  higher  levels  are  so  different  thot  it 
would  confuse  the  picture  to  try  to  present  these  data, 

DESIGN  CRITERIA 

Figure  I  is  intended  merely  to  give  some  sort  of  a  scale  to  the  discussion.  It  Is  apparent  from  this  figure  that  an 
overpressure  of  200  lb  per  sq  inch  will  occur  at  about  2,700  feet  from  ground  zero  for  a  1-MT  weapon.  Since  this  is  the 
sort  of  upper  limit  of  overpressure  that  we  ore  interested  in.  It  is  interesting  to  note  the  rapid  decoy  in  peak  overpressure 
occurring  beyond  this  region,  i.e.,  at  about  7,000  feet  from  ground  zero  the  pressure  hos  decayed  to  20  lbs  per  sq  inch. 
These  distances  scale  os  the  cube-root  of  the  yield.  In  mepotons.  Now  we  are  Interested  In  evaluating  the  phenomena 
importont  in  the  design  of  protective  construction  within  the  region  bounded  by  these  ranges.  For  example,  we  ore  con¬ 
cerned  with  the  question  whether  at  this  range  the  direct  transmitted  stresses  through  the  soil  and  rock  might  be  of 
comporoble  importance  to  the  oir-Induced  stresses.  For  example.  If  we  take  the  best  data  that  we  have  available  for, 
soy,  a  I-MT  surface  burst  at  2,700  ft  dIstarKe  In  a  soil  or  rock  medium  with  excellent  coupling,  we  find  that  we  have  a 
strain  of  the  order  of  about  0,000063  inches  per  Inch.  If  the  modulus  of  elasticity  of  the  soil  is  of  the  order  of  10  million 
lbs  per  sq  inch,  which  it  is  for  a  good  sound  rock  with  a  seismic  velocity  of  about  20,000  ft  per  second,  we  would  get 
vertically  under  the  source  or  in  a  45  degree  cone  under  the  source,  a  stress  of  approximately  830  lbs  per  sq  inch.  This 
is  more  than  comparable  to  the  200  lbs  per  sq  inch  air  blast  preuure.  But  near  the  surfoce  at  a  range  of  2,700  ft,  we  would 
hove  volues  considerably  less;  on  the  order  of  about  300  lbs  per  sq  Inch.  If,  however,  the  coupling  Is  somewhat  less, 
corresponding  to  a  true-surfoce  burst  with  no  penetration,  then,  even  at  200  lbs  per  sq  inch  overpressure,  the  stresses  in 
the  medium  directly  below  at  2,700  feet  and  horizontally  at  a  range  of  2,700  feet  would  be  comporoble.  And,  if  we  deal 
wIHi  a  softer  material  such  as  shale  or  limestone,  with  a  seismic  velocity  of  the  order  of  6,000  feet  per  second  the  stresses 
In  the  medium  ore  between  75  and  35  tbs  per  sq  irKh,  which  is  considerably  less  than  the  pressures  transmitted  to  the  ground 
by  the  air  overpressure.  Consequently,  for  most  of  the  situotlons  in  which  we  ore  Interested,  for  shallo>v  burled  structures 
subjected  to  overpressures  up  to  200  lbs  per  sq  Inch,  the  air  blost  pressures  are  predominant  in  producing  the  ground 
velocities,  accelerations,  and  displocements;  the  direct  coupled  effects  are  not  important.  The  air  blast  pressures  vary 
with  time  os  shown  In  Figure  2  for  a  particular  overpressure.  At  lower  overpressures,  the  curve  decays  slower,  but 
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even  ot  100  !bi  pe;  sq 
inch  overpressure  ther  ; 
is  quite  a  peek  to  the 
curve.  !t  ha:  a  long 
base,  but  i.ost  of  the 
impulse  is  in  the  early 
portion.  It  is  only  when 
one  drops  down  to  less 
thon  about  25  or  30  lbs 
(jer  :q  inch  that  one  gets 
the  so-called  "clossic" 
exponential  type  of 
curve.  This  peak  pres¬ 
sure  has  some  influence 
because  of  the  fcict  thot 
the  peak  is  very  quickly 
washed  out  with  passage 
through  the  soft  surface 
materials,  and  this 
attenuation  affects  the  3* 

response  of  structures  in 
general.  In  rock,  of  — 

course,  the  peak  would  ^ 

be  transmitted  more 
effectively,  but  if  is  o 

difficult  to  hove  a  o 

shallow  buried  structure  ^ 
in  rock  because  to 
excavate  it  and  then 
backfill  it  introduces  a 
materiol  that  is  different 
from  the  natural 
materia! . 

Ground  Motion 

Let  us  look 
now  at  what  happens 
when  these  cir  blosi 
pressures  ore  applied  to 
the  ground  surface  and 
propagate  over  the  sur- 
foce,  f-igure  3  shows  a 
pressure  wave  traveling 
with  a  propogation  or 
shock  velocity  of  mog- 
nitude  U.  The  velocity 
of  propagation  in  the 
soil  i'  C .  When  C  is 
less  than  U,  the  air 
overpressure  travels  a 


Range,  R,  thousands  of  feet 


Fig,  I  Pcok  Overpressure  at  Ground  Surface  Versus  Ronge 
for  Vorious  Yields,  Surface  Burst  ot  Sea  Level 


d'stor.ce  proportional  'o  U,  and  the  ground  shock  wave  travels  a  distance  proportionol  to  C.  When  all  the  positions  that 
the  leodinc  edge  of  tfie  shock  can  have  arc  drown,  a  series  of  lines  ore  obtained  that  make  an  angle OC  with  the  horizontal 
where  sina  OC  -  C/U.  In  other  words,  we  get  a  sloping  front  of  the  shock  along  which  vertical  pressures  occur.  It  must  be 
emphasized  that  there  ore  some  horizontal  pressures  resulting  from  the  vertical  pressure.  However,  the  pressure  is  not 
normol  to  that  line.  The  sloping  shock  front  is  a  front  of  essentially  vertical  pressures  propagating  through  the  ground  as 
long  05  the  ail  shack  velocity  (I  is  greater  than  the  ground  motion  velocity  (C)  or  as  long  as  we  hove  superseismic 
conditions.  When  C  -  U,  then  these  velocities  are  equal.  The  ground  shock  front  becomes  vertical  or  nearly  so;  it  is 
ve-Mcal  at  the  surfoce  ond  departs  from  the  vertical  at  a  distance  below  the  surface.  Here  we  hove  an  extreme  condition. 
Moreover,  as  roon  as  the  oir  velocity  (U)  becomes  less  thon  the  ground  shock  velocity  (C),  then  the  shock  in  the  ground 
outruns  the  shock  In  rne  air  ond  we  have  a  rather  peculiar  and  unusual  situation. 
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u$  consider  the  conditions  onder  which  this  situotion  will  occur.  The  air  shock  velocity  (U)  varies  with  over* 
pressure.  For  example,  on  air  overpressure  of  200  lbs  per  sq  inch  travels  at  about  4,000  feet  per  second,  on  air  overpressure 
of  100  lbs  per  sq  inch  travels  at  a  velocity  of  about  3,000  feet  per  second,  and  air  overpressure  of  50  lbs  per  sq  inch  travels 
at  a  velocity  of  about  2,200  feet  per  second.  For  a  soil  with  o  ground  shock  velocity  (C)  of  3,500  feet  per  second  the 
material  seismic  velocity  will  exceed  the  air  blast  shock  velocity  at  an  overpressure  between  100  ond  200  lbs  per  sq  inch. 
This  will  result  in  a  subseismir.  or  "outrunning"  ground  shock  condition.  When  this  occurs,  the  shock  In  the  ground  precedes 
the  air  blast  shock  wave  and  reaches  the  structure  first.  As  a  result,  we  get  a  wave  that  is  detached  in  the  ground  from  the 
pressure  in  the  air.  When  that  happens,  a  rather  peculiar  phenomenon  of  motions  and  stresses  is  produced  which  has  been 
given  a  great  deal  of  emphasis  by  investigators,  possibly  some  of  it  over-errtphosized.  This  can  be  soid  because  most  of  the 
important  phenomena  involved  in  the  design  of  structures  are  essentially  the  same,  whether  we  have  "outrunning"  or 
superseismic  conditions.  There  ore  some  things,  however,  thot  must  be  taken  into  account  especially  in  consideration  of  a 
shallow-buried  surface  structure.  In  the  "outrunning"  case  the  structure  gets  a  bump  from  the  ground  before  it  gets  a  bump 
from  tfie  air,  and  so  there  is  a  difference  in  phasing  and  in  the  various  effects  on  the  structure  which  cause  problems  in 
connection  with  shock  isolation.  If  we  have  layered  soil  media  and  if  a  sublayer  of  material  has  a  higher  seismic  velocity, 
then  the  shock  wove  propagates  down  to  this  layer,  alor^  it,  and  then  op.  In  this  case,  n  upward  motion  may  result 
which  precedes  the  downward  main  motion  from  the  air  blast  effects.  These  are  things  that  are  of  importance  in  the 
practical  details  of  design.  They  have  to  be  considered  particolorly  in  shock  isolation  problems  and  they  are  of  greater 
importance  ot  low  overpressures  than  at  high  overpressures  because  the  lower  the  overpressures,  the  slower  the  shock  velocity 
of  the  air  and  the  more  chance  there  is  of  the  air  velocity  being  outrun  by  the  velocity  in  the  medium.  Typical  seismic 
velocities  for  different  materials  are  given  in  Table  1. 


TABLE  1 

TYPICAL  SEISMIC  VELOCITIES  FOR  SOILS  AND  ROCKS 


Material 

Seismic  Velocity 
fps 

Loose  and  Dry  Soils 

600  -  3,300 

Clay  and  Wet  Soils 

2,500  -  6,300 

Coarse  and  Compoct  Soils 

3,000-  8,500 

Sandstone  and  Cemented  Soils 

3,000-  14,000 

Shale  and  Marl 

6,000-  17,500 

Limestone  -  Chalk 

7,000  -  21,000 

Metamorphic  Rocks 

10,000  -  21,700 

Volcanic  Rocks 

10,000  -  22,600 

Sound  Plutonic  Rocks 

13,000  -  25,000 

Jointed  Granite 

8,000  -  15,000 

Weathered  Rocks 

2,000  -  10,000 

Based  on  information  taken  from;  "Subsurface  Exploration  and  Sampling 
of  Soils  for  Civil  Engineering  Purposes",  by  Juul  Hvorslev,  ASCE 
Research  Report,  printed  by  Waterways  Experiment  Station,  Vicksburg, 
Mississippi,  1948,  p.  30,  Fig.  4. 


Since  we're  dealing  with  overpressures  that  have  velocities  of  the  order  of  4,000  to  1,200  feet  per  second, 
"outrunning"  will  occur  in  many  of  these  materials  at  overpressures  which  rre  summarized  in  Table  2.  In  alluvium,  at 
pressures  less  than  40  lbs  per  sq  inch,  we  get  "outrunning";  ot  higher  pressures,  we  do  not.  In  dry  gravel,  outrunning 
possibly  occurs  somewhere  in  the  same  range.  In  wet  gravel,  it  occurs  at  higher  values.  In  sandy  clay  pressures  below 
100  will  give  outrunnir^,  but  pressures  above  probably  will  not.  But  as  one  gets  into  limestone  and  metamorphic  rocks, 
one  finds  "outrunning"  at  overpressures  less  than  1,000  lbs  per  sq  inch,  so  we  may  be  in  "outrunning"  situations  in  many 
practical  cases. 

Figure  4  illustrates  what  happens  when  a  time  dependent  preuure  applied  to  the  surfoce  is  propagated  down 
through  the  medium.  The  pressure  at  the  surface,  os  it  varies  with  time,  is  shown  at  the  top.  There  is  a  very  fast  rise  to 
the  peck,  a  decay,  and  a  tapering  off  to  zero  in  some  duration.  At  some  time  later,  after  the  wave  front  has  reached 
some  depth,  the  pressu'e  time  curve  has  a  longer  rise,  a  lower  peak,  and  a  lorsger  decoy.  These  are  emphasized  in 
Figure  4  in  which  ^he  wove  front  is  drown  with  a  slope  so  these  pressure  curves  will  not  overlap,  as  they  indicate  a 
difference  in  time.  As  the  wave  progresses  deeper  it  ossumes  a  very  long  rise,  a  very  much  reduced  peak,  and  a  somewhat 
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lengthened  duroHor.  One  important  quantity  that  we  look 
at  is  the  total  area  under  these  curves—the  impulse.  In 
general,  at  the  overpressures  we  are  considering  here,  for 
all  except  very  small  weapons,  this  impulse  is  a  constant. 
Essentially  the  condition  that  the  total  vertical  impulse  ovet 
any  horizontal  plane  is  preserved,  occurs  in  any  region 
where  the  overpressures  do  not  vary  greatly  over  a  distance 
about  equal  to  the  depth  that  we  are  considering.  There¬ 
fore,  we  are  talking  here  of  depths  that  are  comparable  to 
the  distonce  over  which  the  overpressure  varies  a  relatively 
small  amount.  Moreover,  since  the  area  under  the  curve 
must  be  the  same  and  since  there  is  a  decay  in  the  peak, 
there  must  be  a  lengthening  of  a  base  to  keep  the  impulse 
constant.  It  is  this  change  in  character  or  shape  of  the 
pressure  time  curve  that  is  of  great  importance  in  design  for 
underground  structures.  Essentially  this  phenomenon  implies 
that  the  deeper  you  go,  the  less  is  the  peak  pressure  that 
you  must  resist;  the  deeper  you  go,  the  less  is  the  particle 
velocity  you  have;  and  the  deeper  you  go,  the  lower  is  the 
particle  acceleration  that  is  involved  in  producing  effects 
on  equipment  in  the  structure.  This  rise  time  to  the  peak 
varies,  of  course,  with  the  type  of  material.  Empirically, 
it  has  been  more  or  less  established  that  this  rise  time  is  of 
the  order  of  magnitude  of  about  half  the  transit  time  of  the 
shock  front  to  reach  the  point  considered.  It  can  be  more  or 
less  than  this,  but  this  is  a  good  basic  value  tc  use  in  trying 
to  estimate  the  effects  of  depth  of  cover  when 


TABLE  2 

APPROXIMATE  OVERPRESSURES  AT  WHICH 
OUTRUNNING  OF  GROUND  WAVE  OCCURS 
FOR  LARGE  YIELD  SURFACE  BURSTS 


Formation 

Overpressure* 

(psi) 

Alluvium 

less  than  40 

Gravel  (dry) 

10-  100 

Gravel  (wet) 

40-  500 

Sandy  Clay 

100-  500 

Sandstone 

500  -  2000 

Shale 

650  -  2500 

Limestone 

1500  up 

Metamorphic 

1000  up 

Granite 

3000  up 

‘Outrunning  conditions  may  be  anticipated  at 
overpressures  less  than  those  tobulated. 


you  hove  no  other  information  available. 

Most  of  the  information  we  have  about 
the  attenuation  with  depth  is  empirical  in 
nature.  There  ore  some  rather  crude  theoretical 
studies;  the  crudest  is  one  for  which  I  am  re¬ 
sponsible,  which  I  make  no  apologies  for  since 
it  gives  answers  which  seem  to  agree  with  the 
experimental  data,  but  I  don't  think  it  is  of 
sound  enough  basis  to  warrant  a  good  deal  of 
further  effort  on  this  some  approach.  The 
difficulty,  of  course,  is,  when  you  start  making 
calculations,  which  we  can  now  do  with  a 
computer,  the  results  you  get  are  conditioned 
upon  the  assumptions  you  moke  in  your  calcu¬ 
lations.  The  results  are  critically  sensitive  to 
the  damping,  the  viscosity,  and  so  forth,  the 
values  of  which  we  can  assume,  but  hove  great 
difficulty  in  measuring.  We  cun  assume  all 
kinds  of  conditions  that  give  about  the  same 
general  type  of  attenuation.  But  the  mere  fact 
that  any  set  of  assumptions  gives  agreement 
with  experimental  data  does  not  mean  that  the 
auumptions  are  correct.  This  is  one  of  the 
things  that  one  leorns  the  hard  way  in  experi¬ 
ment.  You  con't  verify  the  occurocy  of 
ossumptions  merely  by  looking  at  the  results 
you  get  when  you  use  these  assumptions  in 
calculations.  Computers  ore  very  useful  tools 
in  all  of  these  studies. 


Fig.  4  Attenuation  of  Soil  Pressure  Wave  with  Depth 
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Some  of  the  data  that  ore  available  on  attenuation  with  depth  presented  in  a  slightly  different  form  are  shown  in 
Figure  5.  This  figure  is  a  summary  of  the  experimental  results  plotted  in  a  form  that  was  conditioned  upon  certain  assumptions 
I  mode  several  years  ago.  These  were  that  we  hod  an  almost  instantaneous  or  static  situation  in  which  we  could  consider  the 
instantaneous  air  pressure  distributions  and  could  then  compute  the  static  soil  pressures  at  various  steps  by  letting  the  pressure 
move  across  the  surface  and  evaluating  how  the  pressure  changed  with  depth.  This,  of  course,  is  not  entirely  appropriate 
because  of  the  fact  that  shock  waves  propagate  in  a  somewhot  different  fashion,  and  theoretically,  for  a  perfectly  elastic 
material,  even  if  one  loads  only  a  small  segment  of  the  surface,  the  pressures  would  be  tronsmitted  through  the  material  with¬ 
out  attenuation  of  the  front,  even  though  there  was  attenuation  behind  the  front.  Fortunately,  we  don't  have  perfectly 
elastic  materials.  In  general,  the  smaller  the  yield,  the  faster  is  the  attenuation.  For  a  40-KT  weapon  the  attenuation  at  a 
40  foot  depth  is  50%  for  200  psi  overpressure.  For  100  psi  overpressure,  the  attenuoted  pressure  is  about  70%  of  the  surface 
value.  Therefore,  ttie  higher  the  overpressure  the  faster  the  ottenuation,  the  smaller  the  yield  the  faster  the  attenuation, 
and  so  forth . 

These  various  relations  are  summarized  in  the  following  highly  empirical  equations  which  are  used  quite  often  for 
design  purposes.  They  have  the  virtue  only  that  they  give  consistent  results  that  may  be  completely  wrong,  but,  if  so,  they 
ore  wrong  in  a  consistent  manner. 


Figure  6  is  a  chart  that  has 
been  developed  to  compute  the  effects 
of  these  equations,  and  gives  results 
that  are  consistent  with  the  values  in 
Figure  5.  For  example,  for  I-MT  and 
100  lbs  per  sq  inch  and  100  feet  we 
have  70%  of  the  surfoce  pressure,  at 
25  feet  we  hove  90%  and  so  on.  It 
should  be  obvious  that  for  $hol low- 
buried  structures,  buried  less  than 
25-50  feet,  and  for  low  overpressures 
and  large  yields,  we  have  very  little 
if  any  attenuation. 

Figure  7  shows  a  more 
rational  presentation  of  the  change  of 
wave  form  with  depth.  This  is  plotted 
in  such  a  way  that  we  hove  time 
plotted  olways  horizontally,  pressure 
always  vertically.  Figure  7(a)  shows 
the  preaure-time  curve  ot  the  surface. 
The  pressure-time  curve  at  some  depth 
is  indicated  by  Figure  7(b).  The  rise 
time  at  the  surfoce  is  indicated  by  the 
time  intercept  of  the  wove  peak  line 
and  the  time  to  a  peak  is  shown  by 
the  obscisso  of  this  lir>e  at  any  depth. 
Figure  7(c)  shows  a  pressure-depth 
curve,  and  rhis  is  ouite  important  to 
look  at.  It  shows  instantaneous 
values  of  preuure  ot  different  depths. 
We  con  obtain  the  pressure -depth 
curves  for  various  times,  ond  by  using 
the  modulus  of  deformotion  (the  con- 
stroirsed  modulus)  at  a  particular 
depth,  we  can  compute  the  stroin  by 
dividing  the  constrained  modulus  into 
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Fig.  5  Change  in  AAoximum  Vertical  Streu 

with  Depth  Due  to  Spatial  Attenuotion 
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the  pressure  level  at  that  depth.  Then 
we  can  compute  the  downward  dis¬ 
placement  at  the  surface  or  at  any 
point  below  the  surface,  by  integrating 
the  total  strain  from  the  wove  front  up 
to  the  point  in  question.  These 
calculations  give  instantaneous  values 
of  displacement,  and  if  we  do  the 
computotion  for  various  time  intervals 
we  can  compute  the  maximum  dis¬ 
placement  by  looking  for  the  maximum 
values. 

If  we  hove  layers  we  have  to 
take  into  account  reflections  and  so 
forth,  which  we  con  do,  or  we  can 
perhaps  more  crudely  approximate  this 
by  forgetting  about  the  reflections  and 
assume  on  the  overage  that  they  are 
compensated  for;  this  isn't  too  bad  an 
assumption  if  one  looks  at  displace¬ 
ments.  It's  very  bod  if  one  looks  at 
other  parameters . 

It  is  possible,  therefore,  to 
compute  not  only  the  maximum 
displacement  but  the  displacement 
time  curves  at  various  points,  and  the 
differential  displacement  between  two 
points,  and  so  forth.  I  would  like  to 
call  your  attention  to  the  fact  that  the 
differential  displacement  between  any 
two  points  at  different  depths  is  always 
greater  than  the  difference  in  maximum 
displacements  at  those  two  depths.  It 
has  to  be  greater  than  that,  because 
the  maximum  displacements  do  not 
occur  simultaneously.  Therefore, 
when  one  is  a  maximum,  the  other  is 
ot  somewhat  leu  than  a  maximum 
value.  Furthermore,  the  difference 
must  be  leu  than  the  maximum  strain 
between  those  two  points  integrated 
over  the  length  sirtce  the  maximum 
strain  exists  only  ot  the  one  point, 
not  over  the  entire  depth.  Therefore, 
we  hove  some  limitations  cn  differen¬ 
tial  displocement  which  gives  us  o 
clue  os  to  how  much,  for  example, 
the  displocement  between  top  and 
bottom  of  the  soil  around  the  struc¬ 
ture  might  be.  This  in  turn  gives  us 
some  measure  of  the  sheor  that  might 


Fig.  6  Depth  Attenuotion  Factor 


be  trorumitted  to  the  structure  by  the  toil  and  olio  tome  meoture  of  the  diiplocement  ot  points  where  two  stiucturet  ore 


corvMCted  together,  or  the  diipiocement  that  mutt  be  obeorbed  by  any  connection  between  them. 

Figure  8  illustrotet  the  ttreu-slrain  curve  for  toil .  The  dotted  curve  is  on  ideoiited  curve  for  the  purpose  of 
p risen tntinn  here.  For  increasing  ttreu  we  obtoin  first  o  softening  «>d  then  for  higher  ttreues  o  hardening  or  locking. 

As  we  reduce  the-  lood  we  get  o  recovery  with  tome  permortent  set,  and  the  iooding  and  unloading  do  not  follow  the  tome 
oth.  it  it  necessary  to  define  several  moduli,  initiol  tangent  modulus,  m|,  secant  modulus,  mp  (from  which  given  o 
ttreu  we  con  compute  the  strain),  and  o  recovery  modulus  (from  which  we  con  compute  the  totol  elastic  recovery,  or 
totol  recovery,  and  the  permonent  set).  If  we  were  interested  in  obtaining  displacements  we  would  hove  to  use  this  form 
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of  sfress-stroin  curve  because,  after  o  stratum  has  been  stressed  to  some  point  and  the  stress  is  released,  there  is  some 
permanent  set  in  the  stressed  stratum  and  some  elastic  recovery.  For  purposes  of  very  quick  estimates  of  displacement,  it 
is  possible  by  means  of  rather  crude  relationships  applicable  to  one-dimensional  wove  propagation  theory,  and  by  making 
some  necessary  assumptions  and  a  few  unnecessary  ones,  to  come  up  with  equations  of  the  following  sort.  The  elastic  com¬ 
ponent  of  displacement  in  a  homogeneous  medium  can  be  obtained  by  the  following  formula; 


100  psi 


1000  fp 


For  example,  in  a  material  having  a  seismic  velocity  of  2,000  feet  per  second,  and  subjected  to  an  overpressure  of  100  psI 
from  a  1-MT  weapon,  one  could  expect  4-1/2  inches  of  elastic  displacement  at  the  surface. 

The  permanent  displacement  is  very  difficult  to  determine  unless  we  have  complete  stress-strain  data  for  the 
material.  In  general  where  we  don't  hove  such  information  the  following  entirely  empirical  equation  can  be  useful: 


It  doesn't  differ  by  more  than  a  factor  of  3  or  4 
from  the  correct  values  in  most  coses.  This  gives  ^ 
us  a  value  for  which  there  is  no  permanent  defor¬ 
mation  for  overpressures  less  than  40  lbs  per  sq  . 
inch.  It  is  apparent  from  this  relationship  that  ^ 
the  softer  materials  have  a  relative!/  larger 
amount  of  permanent  deformation  (for  overpressure: 
higher  than  40  lbs  per  sq  inch). 

The  relative  displacement  between  any 
two  depths  is  the  summation  of  the  relative  strains 
between  those  two  points.  For  the  first  100  feet, 
a  relationship  can  be  used  that  oepends  on  the 
square  of  the  seismic  velocity  and  on  the  magni¬ 
tude  of  the  overpressure  as  shown  in  the  next 
equation.  For  example. 


d  -d  < 
e  ez 


m  ^  f* 


1000  fps  z 

TWTt 


For  o  1(X)  lbs  per  sq  inch  overpressure  applied  to  a 
soil  with  a  1(XX)  foot  per  second  seismic  velocity, 
at  the  100  foot  level  the  relative  displocement 
eonpored  with  the  surfoce  value  would  be  leu 
than  4.8  inches. 

The  one-dimensional  wove  theory  gives 
us  o  means  of  getting  the  other  parameters, 
velocity  and  occelerotion .  The  velocity  is  elated 
to  the  strain  ortd  is  equal  to  the  seismic  velocity 
times  the  strain.  This  leods  to  the  relotion: 


P.O 


1000  fps 
c 

J  L  p 


1000  fp 


From  this  equotion,  it  is  apparent  that  os  the 
pressure  decieoses  or  ottenuotes,  the  velocity 
ottersuotes  in  the  some  way . 
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Fig.  7  Charsge  of  Wove  Form  with  Depth 


OPENING  ADDRESS 


The  acceleration  is  a  moch  more  difficult  quantity 
to  estimate.  We  can  compute  it  by  assuming  that  the  velocity 
is  proportional  to  the  pressure  curve,  and  that  the  accelera¬ 
tion  is  the  derivative  of  the  pressure  curve.  The  maximum 
acceleration  is,  therefore,  the  maximum  velocity  divided  by 
some  sort  of  equivalent  time  that  corresponds  to  the  maximum 
slope  of  the  overpressure  time  curve.  If  we  assume  that  the 
rise  time  is  parabolic,  the  effective  rise  time  in  computing 
the  acceleration  would  then  be  one  half  the  true  rise  time. 

This  can  be  written  as  aQ  =  2vjy/t^  where  t^  is  the  true  rise 
time  to  peak  velocity .  If  it  is  assumed  that  the  rist  time  is  of^ 
the  order  of  0.001  to  0.002  seconds  for  the  points  very  naor 
the  surface,  then  the  equation  for  peak  surface  acceleration 
becomes  « 


a 

o 


150g 


1 

1000  fps 

100  psi 

- 

c 

—  .. 

</) 


(8) 


Theoretically,  of  course,  the  acceleration  can  be 
infinite;  it  is  infinite  for  a  shock.  However,  it  is  only 
infinite  for  an  infinitesimal  time.  The  relationship  between 
overpressure,  seismic  velocity,  and  resulting  surface  velocity 
is  shown  in  Figure  9. 

The  computation  of  acceleration  at  various  depths 
beneath  the  surface  is  mode  in  a  manner  similar  to  the  sur¬ 
face  acceleration  as  discussed.  The  only  difference  is  that 
the  rise  time  is  assumed  to  be  one  half  of  the  transit  time  or 
time  necessary  for  the  wave  peak  to  reach  that  depth.  The 
resulting  equation  is:  P<8 
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.  8  Real  and  Linearized  Stress-Strain  Curves  for  Soil 
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386  in./sec. ^ 


(9) 


a 


z 


V  c 


1 

2 
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(10) 


where  t^  =  (1/2)  (vtp;.  Substituting  the  equation  for  the  velocity  ot  depth  z  into  this  equation  yield* 


a 

z 


=  5g 


(11) 


However,  o^  should  not  be  token  oi  greater  than  a  . 

The  ocrelerotion  ot  various  depths  os  confuted  by  this  equotion  is  independent  of  the  seismic  velocity.  There 
ore  two  influences  here;  the  rise  time,  which  varies  inversely  with  seismic  velocity,  is  foster  in  harder  moteriois;  but  the 
porticle  velocity  vories  inversely  with  the  seismic  velocity.  Since  occleration  is  the  quotient  of  these  two  quantities,  the 
occelerotion  is  nearly  independent  of  seismic  velocity.  Figure  10  shows  the  porticle  occelerotion  as  o  function  of  depth. 
The  curve  rounds  off  neor  the  surface  due  to  its  dependence  on  the  surfoce  seismic  velocity,  which  I  suggest  should  never 
be  token  os  grsrater  thon  2000  feet  per  secortd  becouse  of  the  surfoce  effects  thot  ore  involved. 

So  much  for  the  verticol  pressures  which  oct  on  the  structures  thot  we  design,  or  essentially  act  on  the  free-fieid 
where  w«  might  put  the  structures.  Whot  we  wont  to  know  ore  the  other  forces  thot  oct  ot  the  some  time.  These  ore 
summarized  very  briefly  and  quite  empiricoiiy  in  Table  3  which  shows  the  ratio  of  horizontoi  to  verticol  soil  pressures,  K  . 
For  dynamic  conditions  the  soil  must  olwoys  be  assumed  to  be  undroirsed.  For  static,  both  undhsined  and  drairsed  conditiws 
ore  permiuible.  For  cohesionleu  soils  the  dynomic  ratios  ore  of  the  order  of  about  1/4;  the  stotk  ratio  is  definitely  larger, 
it  ranges  from  about  1/3  for  dense  soils  to  1/2  for  loose  soils.  These  Kq  voiues  go  on  up  to  I  for  Mturoted  soils  hoving  o 
consistency  rorsge  from  very  soft  to  hard.  For  rock,  we  con  compute  from  Poisson's  ratio  /a  by  use  of  the  expression 
>>  M/(l-  M).  With  this  bockgroursd,  we  con  begin  our  discussion  of  soil -structure  interoction. 
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Vertical  Surface  Velocity,  v^Jn/sec. 
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TABLE  3 

RATIO  OF  HORIZONTAL  TO  VERTICAL  SOIL  PRESSURES 


K^,  For  Stresses  Up  to  1,000  psi 

Soil  Description 

Dynamic 

Static 

Undrained 

Undroined 

Drained 

Cohesionless  Soils,  Damp  or  Dry 

1/4 

1/3-dense 

1/2-loose 

1/3-dense 
1/2- loose 

Unsoturoted  Cohesive  Soils  of  Very 

Stiff  to  Hard  Consistency 

1/3 

1/2 

1/2 

Unsoturoted  Cohesive  Soils  of 

Medium  to  Stiff  Consistency 

1/2 

1/2 

1/2 

Unsoturoted  Cohesive  Soils  of  Soft 
Consistency 

3/4 

1/2  to  3/4 

1/2  to  3/4 

Saturated  Soils  of  Very  Sctft  to  Hard 
Consistency  and  Cohesionless  Soils 

1 

1 

1/2-stiff 

3/4-soft 

Saturated  Soils  of  Hard  ConsisterKy. 

q  =  4  tsf  to  20  tsf. 
u 

3/4  to  1 

1 

1/2 

Saturated  Soils  of  Very  Hard 

Consistency,  20  tsf. 

3/4 

1 

1/2 

Rock 

Obtain  from  tests 
seismic  data. 

on  rock  cores  and  correlote  with 

SOIL-STRUCTURE  INTERACTION 

Figurt  1 1  iKowt  o  tkcfch  of  <vi  arch  noor  tho  tvHoct  of  fh«  grownd  subjoctod  fo  a  lotaroil)'  'noving  lurfoc*  otr 
ovorpTMiura.  If  cav«r  it  vary  small  or  if  th«r«  is  no  rtsrraint  offond  by  th*  ombodmtni  in  (h*  soil,  than  th«  orch  will 
t«nd  to  dofloct  to  on*  tid*.  Bocoom  of  tf>«  foot  that  it  connot  b*  to  pushed  without  displocing  th«  soil,  which  hot  most 
and  0  high  intftio,  and  becouta  of  th«  foct  thot  before  it  con  start  to  move  very  fost,  the  pressure  has  gone  over  the  tx>p, 
the  arch  tends  K>  be  pushed  bock.  In  other  words,  this  unsymmetricol  displocement  is  olmost  completely  prevented  os  soon 
os  the  cover  becomes  even  moderote.  So  for  os  we  know,  if  there  is  a  good  sound  bockfiil,  even  though  it  it  just  barely 
tangent  to  the  surface  covered,  this  kind  of  motion  would  be  prevented.  Another  type  of  deformotion,  not  necessarily 
associated  with  the  greoter  depth,  is  o  symmetrical  deformotion  in  which  the  crown  goes  oown  orsd  the  hourvehet  go  out. 
This  results  even  when  the  pressure  wove  travels  longitudinally,  ond  even  when  the  depth  of  cover  is  enough  to  prevent 
the  urstymmcitieol  deformation  from  taking  place.  This  is  true  because  the  cover  over  the  crown,  when  it  is  very  shot  low, 
connot  prevent  the  crown  from  buckling  in,  eecef^  for  the  foci  thot,  for  the  crown  to  buckle  eioeticolly,  the  hounches 
mutt  buckle  out.  If,  however,  the  compremion  in  the  arch  reoches  the  plastic  limit,  then  we  con  get  deformation  of  the 
crown  without  the  hounchw  moving  out,  ond  the  arch  would  hove  o  tondoncy  to  ceilopse.  As  o  result,  in  gerserol,  we 
would  have  o  collapse  condition  if  the  verticol  prmaurt  on  the  crown  reoches  the  volue  that  wruid  corresporsd  to  a  ring 
compreieion  egual  to  the  yield  point.  To  reiterate,  the  restraint  offered  by  tf^e  soil  tends  to  keep  the  arch  fixed  in 
position  to  resirt  uneymmetricoi  deflections  but  yielding  and  symmetricol  deflection  ore  still  possible.  These  corsditiorss 
an  shown  respectively  in  Figure  H  ,  (o)  and  Cb)< 
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&rouo<}  Surface 
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Fig.  II  Response  of  Buried  Arches 


Ciiculor  Arc  Mott  ClOMly 
Appronreoting  ActuOl 
Ground  Surfoce 


Now  we  get  to  the  very  important 
and  critical  practical  problems.  The  struc¬ 
tures  under  consideration  here  are  generally 
constructed  in  an  excavation  which  is  then  "" 
backfilled.  If  for  any  reason  the  backfill  is 
poorly  ploced,  porous,  or  bod  on  one  side  or 
the  other,  deformation  can  take  place  more 
readily  and  may  be  more  harmful.  The  greater 
the  depth  of  cover,  the  less  the  effect  of 
backfill,  of  course,  because  we  get  sorne 
compaction  due  just  to  the  weight  of  the 
material.  Another  effect  that  takes  place 
in  the  structures  is  also  shown  in  Figure  1 1 . 

This  effect  is  the  footing  motion  which,  for 
convenience,  is  shown  only  in  Figure  11(b). 

The  totol  load  tronsmitted  to  the  arched 

acts  on  the  footing  which,  having 
no  overburden  from  the  inside  of  the  struc¬ 
ture  and,  therefore,  no  confinement, 
may  tend  to  push  material  up  into  the 
structure  or  may  ji»st  bite  down  through 
the  soil.  Consequently,  there  is  a 
possibility  of  motion  here  which  tends 
to  relieve  the  effects  of  the  pressures 
on  the  structure.  This  may  be  bod  for 
the  footings;  however,  it  probably  is 
good  for  the  structure.  This  motion  con 
talc  ploce  in  both  the  symmetrical  and 
unsymmetrical  modes.  Actually,  it 
would  start  at  one  footirsg  first  and  then 
the  other  but  since  the  pressure  travels 
ocross  the  structure  so  rapidly  in  com¬ 
parison  to  ff  ?  response  time  of  the 
structure,  the  tendency  is  generally 
for  these  motions  tc  take  place  almost 
symntetricnlly . 

In  generol,  the  so-colled 
"orchirsg"  or  relief  of  pressure  due  to 
detormotion  in  a  structure  of  this  sort, 
on  orched  structure,  is  loss  than  in  o 
flot  roofeii  structure  because  of  the 
greater  st  ffness  of  on  orch  in  compres¬ 
sion  os  compored  to  o  flgt  roofed 
structure  in  bending.  Thus,  orchirsg 
moy  not  toxt  ploce  in  arches.  Th 
is,  of  course,  on  influence  of  the 
footing  motion  on  relief  of  pressure 

that  moy  be  of  greoi  significortcc.  Become  of  the  effect  of  the  soil  relieving  the  structure  from  these  untymmetricol 
displocemcnh  ar>d  corsfigurotiisn,  ther*^  is  some  rsecesisity  for  letiirsg  reduiremer.ts  on  height  of  cover  over  the  structure  and 
the  type  of  bockfill  in  order  tc  ertobie  the  structure  to  behove  properly  .  Figure  12  iilustrctes  o  sort  of  proclicoi  problem 
of  on  arch  mounded  over.  Here  we  hove  somewhat  dif^erv nl  looding  conditions  on  the  arch  becouse  of  the  force  octing  on 
the  mound.  octuoiU  nove  c  soil  arch  orting  with  o  structurol  <^h,  or,d  this  has  to  be  token  into  occouni  in  the  dtsign. 

Figure  13  outlines,  more  c.'  leu,  the  stcndarH  critcio  *or  lull  cover  over  on  arch  or  dome.  These  criterio  ore 
presented  only  os  points  of  departure  for  more  rotiorsol  ipecificotions  which  moy  be  developed  loter.  In  general,  one  con 
hove  steeper  slopes,  but  they  Sould  be  for  enosigh  owoy  from  the  sir  <ts/re  so  thot  <he  higher  intensity  reflected  preuures 
octing  on  the  steeper  slopes  ore  not  troromitted  to  the  shucture  at  some  point  which  wosdd  give  rise  to  a  non-unilorm  stress. 


Fig,  12  lypicol  Portiolly  Buried  or  Mounded  Arch  or  Oome 
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For  a  buried  arch, 
preuures  which  reach  the 
structure  can  be  divided  into 
two  components.  Figure  14 
shows  the  first  component,  o 

uniform  compressive  force  ^  —  R. 

which  increases  in  intensity  —  —  — .  — .  .  — 

os  the  pressure  wave  trovels  i  r*q,o(»  a  ^ 

ocroM  the  arch.  It  reaches  |  - -  '  I  f 

a  value  equal  to  the  surfoce  _  i _ i_6  I  R. 

overpressure  ofter  a  time  of  f  * '  ^  ^ 

the  order  of  one  tronsit  time  Minimum  /  n.  “ 

ocross  the  structure.  This  ^.*■*•**'***^1  ’  Co»er  — /  ^  /  \ 

time  would  bo  B  divided  by  ^  /  \ 

U  where  B  is  the  spon  and  U  ^.,^**‘*‘*^  ^  ^ _  _ 

the  air  shock  velocity.  As  i 

the  uniform  component  rises  L _ k _ ^ 

from  zero  to  the  full  value  cf 
the  side-on  overpressure, 
general  overall  compression 

is  produced  and  buckling  may  |r,  Region  A.maximurr.  slop6  p«'f*>itted  IS  I  on  2  Elsewhar*  no 
i?tii^*arch"wer^r^Ml^>^^^‘^®*'®''*  opply.oxcepf  cow®r  musf  be  greater  thon  minimum  shown 

by  soil,  but  this  bucklirrg  is 
inhibited  almost  fully  by  the 

possive  forces  of  the  soil.  Fig.  13  Definition  of  Full  Cover 

Calculations  hove  been  rrKxle 

to  investigote  these  phenomena  ossuming  various  types  of  spring  supports  which  would  simulate  the  soil  pressures.  But,  in 
general,  buckling  does  not  occur  in  the  usual  woy  under  these  conditions  ond  ordinarily  cor  sofely  be  neglected. 

The  second  component  is  a  fleeural  component  inward  on  one  side  ond  outword  on  the  other.  This  is  shown  in 
Figure  15.  This  rises  to  a  maximum  in  o  time  of  one  half  the  transit  time.  Obviously  it  reoches  its  moximum  volue  when 
the  pressure  octs  only  over  half  the  orch.  It  doesn't  oct  ot  oil  after  the  pressures  hove  passed  over  the  arch  completely  or, 
in  other  words,  when  we  hove  o  uniform  looding  on  the  surfoce.  Thus,  it  hos  o  very  short  rime  hose  which,  in  effect, 
mokes  it  o  more  or  less  impulsive  looding.  The  -naximum  value  for  this  loading  is  of  the  order  of  one  holf  the  surface  over¬ 
pressure.  It  is  easily  seen  thot  when  the  pressures  hove  passed  over  holf  the  structure  ond  reoched  the  crown  we  hove  full 
pressure  on  one  side  ond  none  on  the  other,  f^e  then  divide  this  up  into  two  compc  rents.  The  first  Lorrpe  enf  is  1  2  p^ 
uniformly.  The  second  component  is  I,.  2  on  the  half  of  the  structure  over  which  tt'e  surfoce  load  is  octing  and  -i  2  p^ 
on  the  other  holf.  This  gives  o  totol  of  on  the  one  holf  ond  0  or.  the  other.  We  con  handle  these  two  components  of 
looding  rseorly  seporctely;  however,  we  rnuif  consider  ftseir  interoction  since  fhw  oxiol  ring  compression  nxjgnsfies  fHe  effect 
of  the  non-uniform  component. 


53 


SOIL-STRUCTURE  INTERACTION 


Arching  Cortcepfs 

Proceeding  to  the  orching  con¬ 
cept,  we  refer  to  Figure  16  which 
illustrates  a  situation  in  which  we  hove  o 
flat  roofed  shructure  acted  on  by  a  pressure. 
Looking  at  the  pressure  distribution  on  an 
element  of  the  soil  above,  we  notice  that 
the  pressure  in'-reases  as  we  go  toward  the 
surface  becouse  of  the  attenuation  of 
pressure  with  depth.  If  the  roof  deforms, 
we  hove  lost  additlono!  pressure  by  shear 
to  the  surrounding  tTwterial  or  to  the  sides 
of  the  structure.  This  problem  has  oeen 
studied  in  great  detail  by  a  number  of 
people  ond  most  of  you  hove  papers  on 
this  topic.  The  popers  are  divided  into 
two  groups.  One  groi  p  treats  the  topic 
of  buried  cylinders.  This  is  a  nice,  sim¬ 
ple  problem  and  may  lead  to  results  of 
great  practical  impKsrtonce,  The  other 
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I  a,  16  Force  Field  Assumed  for  Underground  Structure 


Fig,  17 


Assumed  Voriotion  of  Shearing 
Stress  Versus  Displacement 


group  deal*  with  problems  that  ore  related  to  arching  over  flat 
roofed  rtructures  and  many  experiments  hove  been  conducted 
along  this  line.  Unfortunately,  we  hod  to  arrive  at  design  criteria 
several  yeois  ago,  before  oil  of  your  fine  work  was  ovoiloble. 

Thus,  the  results  we  arrived  at  are  based  on  a  moderate  mixture  of 
judgement  and  available  information  from  static  loading  tests. 

The  analysis  presented  here  is  the  one  given  in  the  Air  Force  De¬ 
sign  Manual , 

What  \  tried  to  do  in  this  analysis  was  to  take  into 
account  the  magnitude  of  the  deformation  of  the  roof  becouse  ‘t 
seemed  quite  necessary  to  consider  this  as  one  of  the  parometars. 

Most  of  the  treatments  of  arching  that  had  been  developed  op  to 
that  time  did  not  take  into  account  this  displacement,  or  at  least 
assumed  it  in  a  range  that  seemed  to  be  wholly  unreasonable. 

Therefore,  I  essentially  modified  what  Terzaghi  had  done 
(Terzoghi:  Theoretical  Soil  Mechanics)  to  take  account  of  the 
magnitude  of  the  displacement.  In  order  to  simplify  matters,  I 
assumed  vertical  shear 
planes  and  uniform  displace¬ 
ments.  These  assumptions 
con  be  corrected  tor  I  wus 
not  looking  for  precise 
expressions,  but  merely  a 
meons  of  relating  the  then 
available  data  to  some  set 
of  criteria  that  could  be  used 
to  furnish  design  standards. 

Figure  17  shows  the 
relationsl.ip  for  shearing 
stress  versus  displacement  on 
the  slip  surfaces.  I  assumed 
thot  the  shearing  stress  in¬ 
creased  linearly  to  some 
maximum  at  a  certain  value 

of  displacement  and  then  Fig.  16  Assumed  Variation  of  Displacement 

remained  constant.  This  and  Shearing  Stress  with  Depth 

maximum  is  not  necessarily  a  constant  value,  but  is  equal  to  the  cohesion  plus  the  value  of  the  normal  pressure  times  the 
tongent  of  the  ongle  of  internal  friction. 

Figure  18  indicates  some  assumptions  that  were  mode  in  the  course  of  the  derivation.  I  assumed  that  the  displace¬ 
ment  decayed  with  distance  from  the  movoole  surface  as  on  exponential  cur\'e.  I  also  assumed  the  shearing  stress  io  be 
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proportional  to  th«  displacement 
above  X]  ond  constant  below  . 

Figure  19  shows  schemati¬ 
cally  a  box  with  a  deflected  roof. 

The  octual  displacement  of  the  roof 
surface  is  not  uniform,  but,  when 
approximated  by  a  uniform  value,  we 
get  a  usable  result.  I  should  empha¬ 
size  the  fact  that  the  analysis 
presented  here  in  a  very  cursory 
fashion  is  primarily  for  a  semi-static, 
condition  or  a  relatively  slow  dynamic 
impulse.  It  is  quite  obvious,  I  think, 
that  if  one  applies  a  sharp  peaked 
pulse  of  stress  and  it  travels  down,  it 
does  not  know  the  structure  is  there 
until  it  reoches  the  structure;  there¬ 
fore,  its  influence  will  be  entirely 
different.  If  the  structure  is  rigidly 
supported  in  some  fashion  at  its  bose, 
the  initial  pulse  of  loading  on  the 
roof  of  the  structure  will  show  nc 
arching.  But  if  there  is  a  rise  time 
in  the  pressure  pulse,  then  there  is 
time  for  the  pressure  to  I»k)w  that  the 
structure  is  there,  and  essentially  the 
structure  will  experience  reduced 
loading.  For  intermediate  conditions, 
there  is  on  effect  that  must  be  taken 
into  account.  The  large  magnitude 
of  arching  that  we  get  out  of  this 
analysis  or  related  analyses  must  be 
considered  in  light  of  the  fact  that 
these  are  applicable  orJy  tor 
relatively  slow  rise  time  pressure 
curves. 

Figure  20  is  a  sort  of 
summary  of  the  results.  The 
expression  log  (A  +  B  >/(A  +  Bp^) 
is  plotted  as  the  ordinate  versus  the 
distance  X  as  the  abscissa.  In  the 
argument  of  the  logarithmic  expression; 
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Fig.  19  Cross-Section  of  Underground  Structure 


A  +  Bp 


Fig.  20  Variation  of  Pressure  with  Depth 


where 


A  =  C/R 

B  =  <0  tan  f5/V. 

p  =  the  pressure  at  some  distance  X  above  the  yielding  point 

p^  =  the  pressure  on  the  yielding  surface 

C  =  cohesion  coefficient  in  shearing  stress 

R  =  hydraulic  radius  of  the  loaded  area  =  area  divided  by  perimeter 

Kq  =  horizontal  coefficient  of  pressure 

tan  0  =  tangent  of  the  angle  of  Internal  friction  of  the  soil 


Were  B  equol  to  0,  we  would  have  only  a  cohesive  resistance.  Under  these  conditions,  this  analysis  says  that 
there  is  no  arching.  Were  A  equal  to  0,  we  would  have  only  a  frictional  resistance.  We  then  gut  results  that  say  that  the 
log  of  p/pq  is  either  o  linear  function  of  displacement  or  a  function  which  increases  to  a  maximum  and  remains  constant. 

In  other  words,  p/p^  is  an  exponential  curve  of  the  form  e^  for  Case  1  ond  approoches  a  constant  value  for  Case  2.  In  the 
latter  Case,  we  have  the  shearing  stress  equal  to  the  maximum  value.  In  the  former,  it  is  less  than  that.  In  other  words, 
in  Cose  2  the  displacement  is  less  than  the  value  required  to  produce  a  yield  shear  resistance  so  that  we  are  on  the  linear 
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part  of  the  shear  curve.  Essentially  then,  for  a  frictional  type  of  material,  p/p^  is  some  constant  given  oy 
P/Po  “  ^  The  quantity  ft  is  the  proportion  of  the  span  at  which  yielding  occurs  and  0  is  the 

coefficient  in  the  arbitrar'Iy  assumed  displocement  curve.  These*number5  ore  a  little  difficult  to  define,  but  we  can 
arrive  at  reasonable  values  from  experiments  in  which  we  hod  a  number  of  drums  at  various  orientations  to  the  direction 
of  stress.  We  could  pick  constants  from  these  and  from  other  dota  that  were  available  from  field  tests  at  the  time  this 
analysis  was  mode.  From  these  I  picked  values  of  ft  of  about  2%.  In  other  words,  at  a  displacement  of  the  order  of 
about  2%  of  the  spon,  we  reached  the  condition  where  we  generated  the  full  shearing  stress,  otherwise  we  obtained 
less  than  that.  We  obtained  results  which  say,  in  general,  that  the  displacement,  if  it  is  more  than  2%,  will  give  rise 
to  a  very  lai^e  reduction  in  pressure  when  the  depth  of  cover  is  about  equal  to  the  diameter.  The  factor  is  about  20  or 
30  when  the  depth  of  cover  is  twice  the  diameter  and  it  is  fairly  large  even  for  smaller  depths  of  cover.  When  the  dis¬ 
placement  of  the  surface  is  less  than  2%,  then  this  factor  is  considerably  less,  and  the  ratio  of  load  on  the  surface,  to 
load  on  the  yielding  roof  is  of  the  order  of  maybe  no  more  than  3  or  2  when  the  ratio  of  the  depth  of  cover  is  of  the 
order  of  obout  1/2  to  1  times  the  span.  These  are  very  crude  figures. 

There  are  a  number  of  parameters  that  enter  into  the  rather  complicated  expressions,  but  the  results  given  by 
this  analysis  do  check  quite  well  with  experimental  data.  Professor  Linger  has  mode  a  number  of  tests  with  some  modifi¬ 
cations  of  the  theory  that  hove  indicated  quite  good  agreement  with  the  theory. 

To  emphasize  the  main  point,  the  amount  of  arching  is  a  function  of  the  amount  of  displacement  of  the  part  of 
the  structure  on  which  the  pressure  acts.  If  this  displacement  is  small,  the  arching  is  negligible.  Arching  becomes  less 
importont  as  the  rise  time  of  the  applied  pressure  pulse  becomes  shorter. 

What  governs  the  amount  of  displacement  in  the  roof  of  a  structure?  In  part,  this  is  governed  by  the  design 
conditions.  If  we  design  a  reinforced  concrete  slab  for  very  large  pressures  and  hove  it  quite  thick,  it  cannot  deflect 
very  much  before  it  yields  and  crushes.  Consequently,  the  amount  of  arching  we  would  get  on  extremely  strong  structures 
would  be,  in  general,  less  than  the  amount  we  would  get  on  extremely  weak  structures.  In  other  words,  if  you  design 
something  for  10  psi,  you  might  get  a  very  large  amount  of  arching.  If  you  design  for  10,000  psi,  you  would  probably 
get  very  little. 

SHOCK  AND  VIBRATION 


The  remainder  of  the  discussion  is  concerned  with  shock  and  vibration.  Let  us  look  at  a  simple  spring-mass 
system.  Figure  21,  where  the  base  is  subjected  to  some  motion;  aruf  let  us  look  at  the  stresses  in  the  spring  or  the 
acceleration  of  the  mass  when  we  have  a  prescribed  motion  of  the  base 
to  deal  with.  In  other  words,  that  prescribed  motion  of  the  base  is  either 
the  free-field  motion  or  the  free-field  motion  modified  by  the  structure 


set  into  the  free-field.  The  spring  and  mass  may  be  either  an  internal 
part  of  the  structure  which  is  coupled  to  the  external  walls,  or  a  piece 
of  equipment  supported  by  some  sort  of  foundation  or  connection  to  the 
structure.  The  following  equations  give  familiar  relationships  for  the 
frequency  of  a  spring-mass  system; 


(13) 


Fig.  21  Simple  Mass-Spring  System 


Figure  22  shows  a  response  spectrum,  i.e.,  the  plot  of  maximum  responses  of  that  simple  spring-mass  system 
when  subjected  to  a  certain  type  of  input.  In  this  figure,  the  input  is  in  the  form  of  either  a  double  triangle  of 
acceleration,  or  a  single  parabolic  pulse  of  velocity,  or  a  displacement  that  rises  to  a  maximum  and  remains  constant. 
These  are  all  the  same  input,  of  course,  just  plotted  in  different  ways  as  shown  in  the  figure.  If  the  base  moves  in  the 
fashion  described  by  that  input,  then  the  response  of  the  system  is  shown  here  plotted  as  a  function  of  the  frequency  of 
the  system  times  the  duration  of  this  input  versus  the  pseudo-velocity  divided  by  the  maximum  ground  velocity.  The 
pseudo-velocity  is  equal  to  the  circular  frequency  of  vibration  multiplied  by  the  maximum  displacement,  and  the 
maximum  ground  velocity  is  the  peok  on  the  parabolic  velocity  curve.  The  horizontal  lines  give  constant  values  ot 
that  ratio.  The  lines  sloping  upward  to  the  right  gives  ratios  of  the  moximum  displacement  in  the  spring  (D)  to  the 
maximum  ground  displacement  (Yq).  The  lines  sloping  dowrtward  to  the  right  give  rotios  of  maximum  occeleration  of 
the  mass  (A)  to  the  maximum  ground  acceleration  (y  ).  This  is  a  three-way  plot. 
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Fig.  22  Deformation  Spxtrum  for  Undamped  Elastic  Systems 
Subjected  to  o  Parabolic  Velocity  Pulse 

It  is  interesting  to  note  the  general  chorocter  of  the  response  in  the  left  port  of  the  spectrum.  Ww  con  chorocterize 
the  response  by  soying  that  the  spring  relative  displocement  is  equal  to  the  maximum  ground  displocement.  This  is  obvious 
because  if  we  have  an  infinitely  large  mass  supported  by  an  infinitesimally  weak  spring  ond  we  move  the  base,  the  moss  does 
not  move;  but  since  the  base  moves,  the  deformation  of  the  spring  is  equal  to  the  movement  of  the  ground.  It  hos  to  be  so. 
The  surprisir^  thing  is  that  it  is  so  for  such  a  large  ronge  of  frequencies.  On  the  right  hood  side  of  the  spectrum,  we  hove 
o  fetult  that  says  the  moximum  acceleration  of  the  moss  is  just  slightly  more  than  twice  the  moximum  ground  occeleration. 
That  is  becouse  these  occelerations  ore  discontinuous.  If  they  were  rounded  off,  we  would  get  o  volue  equal  to  I  times  the 
maximum  ground  acceleration.  In  other  words.  If  we  hod  o  very  hord  spring  and  on  infinitesimally  light  moss  ond  w#  noved 
would  move  the  mou  ot  the  some  velocity  and  with  the  some  displocement  time  relotionship.  The  forces 
acting  on  the  mou  would  hove  to  be  equal  to  the  mou  times  the  occeleration  of  the  ground  to  moke  it  move  thot  way, 
Iherefore,  the  force  of  the  spring  is  o  measure  of  occeleration.  This,  of  course,  is  the  woy  on  oecelerometer  is  designed. 
The  only  reason  we  hove  the  little  bumps  on  the  curve  is  because  of  the  discontinuities. 

In  between  the  two  extremes,  we  get  a  result  thot  gives  us  something  on  the  order  of  1 .5  to  1.7  for  the  ratio  of 
the  pseudo-velocity  to  the  maximum  ground  velocity.  There  is  o  little  on^lificotion  here.  The  orr^lificotion  gets 
progressively  higher  os  we  go  from  left  to  right  or  as  we  move  from  displocement  to  velocity  to  occeleration.  The  following 
equations  express  the  relotir  'ship  between  the  pseudo-velocity  ond  relotive  displocement: 

V  =  2»f0  (U) 

ond  between  the  occeleration  and  the  other  quantities: 

=  (2x0^0  =  2XfV  (15) 

where  f  is  the  natural  frequeiKy  and  A  is  o  dimensionless  acceleration  parameter. 
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Figure  23  thowt  a  set  of  relationships  for  a  much  more  complicated  shock  input.  This  is  the  north-south  direction 
ground  motion  that  corresponds  to  the  El  Centro  earthquake  record  of  May,  1940.  The  series  of  curves  ore  for  various 
amounts  of  viscous  damping  from  no  damping  (jS  =  0)  for  the  upper  curve  to  40%  of  critical  for  the  lower.  You  see  that 
they  all  hove  the  same  general  nature.  All  of  the  curves,  regordless  of  the  amount  of  damping,  come  down  to  O/y^  =  I 
and  approach  this  for  relatively  low  frequencies.  They  all  approach  A/y^  =  1  for  relatively  high  frequencies.  Tliey 
approach  some  amplification  factor  times  the  maximum  ground  velocity  for  intermediate  frequencies,  and  that  amplification 
factor  is  I  for  about  20%  damping,  it  is  as  high  os  about  4  or  slightly  more  than  4  for  no  damping.  The  amplification 
foctor  in  terms  of  acceleration  along  the  ^=0  curve  at  one  points  is  about  9.  This  is  an  indication  of  the  amount  of 
resonance  in  this  long  earthquake  of  about  28-30  seconds  duration.  However,  even  that  is  not  o  great  deal.  For  simple 
types  of  input  like  those  arising  from  blast  or  shock,  we  would  not  expect  such  high  amplifications. 

Figure  24  is  one  of  a  series  of  approximate  shock  spectra  that  hove  been  determined  in  a  study  by  Professor  A.S. 
Veietsos  and  myself  for  the  Air  Force  Weapons  Laboratory.  We  con  sketch  a  spectrum  in  this  fashion  if  we  know  the 
acceleration,  velocity  and  displacement  curves.  It  is  valid  for  oil  types  of  displacement  for  which  there  is  no  recovery 
from  the  maximum,  or  else  o  small  recovery.  On  the  left,  we  approach  D  =  Yq,  the  maximum  ground  displacement.  At 
the  top,  we  get  to  about  1 .5  times  the  maximum  ground  velocity.  On  the  upper  right  we  have  about  twice  the  moximum 
ground  acceleration,  ond  finally  on  the  lower  right,  we  get  only  the  maximum  ground  acceleration.  With  very  good 
occuracy  this  represents  the  results  for  almost  all  of  the  kinds  of  inputs  we  get  from  shock  due  to  nuclear  blast.  There  ore 
more  complicated  situations  considered  in  o  report  which  will  be  issued  soon  by  the  Air  Force  Weapons  Laboratory. 

The  system  to  which  the  shock  spectrum  corresponds  is  shewn  in  Figure  25.  It  is  comprised  of  o  movable  base 
whose  motion  we  letow  and  a  spring,  a  dash-pot,  and  some  supported  moss.  This  represents  a  piece  of  equipment  or  on 
internal  port  of  the  structure. 


Fig.  23  Oeformotion  Spectra  for  Elostk  Systems 
Subjected  to  t^  Ei  Cenfio  Quake 
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Fig.  24  Design  Spectrum  for  Sytt*n»  Subjeet*tl 
to  o  H  jIf-CycU  Velocity  Puis* 


Figur*  26  gives  o  description  of  the  response  spectrum  we  con 
use  for  damping  of  the  order  of  5%  or  10%  and  fdt  the  lends  of  motion 
we  get  In  nuclear  blasts.  Erroo  will  not  be  more  thwi  obouf  30%  in 
general,  ond  will  probably  not  be  gnotar  than  the  uncertointy  in  the 
input  parameters.  On  tFe  left  hand  side  of  the  shock  spechum,  we 
hove  a  line  that  corresponds  to  o  moKimum  displacement  on  this  three- 
woy  chort  equal  to  the  mo«imum  ground  displocement.  On  the  top,  we 
o  spectrum  velocity  1 .5  times  the  moKimum  ground  velocity .  On 
the  right  hand  side,  we  hove  o  spectrum  occeierotion  equol  to  twice 
the  moKimum  ground  occeierotion.  We  omitted  the  transition  ond  the 
section  where  we  hove  only  the  moximum  ground  acceleration  becoute 
if  probably  is  not  important.  In  that  ronge,  it  is  very  easy  to  toke 
account  of  the  occelerotions.  The  normol  fostenir^  of  the  element 
to  o  well  gives  o  good  deal  of  damping  to  thot  it  really  doesn't  motter 
to  msKh. 
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Fig.  25  System  Considered 


Since  the  preceding  discussion  w<a  for  elastic  situotlons  and  since  plostic  oction  will  often  occur,  whot  we  ore 
reolly  concerned  with  is  whot  happens  in  on  inelastic  system.  Figure  27  it  o  plot  of  the  curved  elcntic  force-displocement 
curve  for  o  t^ing,  ond  o  replocement  of  it  by  on  elostoplostic  relotionthip.  The  importont  thirqj  to  lemnber  it  thot  there 
it  an  arbitrarily  defined  yield  point  such  thot  the  oreo  under  the  replacement  curve  up  to  this  point  it  the  some  os  thot 
under  the  octuol  This  Uy,  or  yield  diiptocemerst,  Foi  a  certoin  ma^.situde,  ond  the  moximum  displacement  that  we 

are  going  to  permit  in  our  design  is  the  quontity  timet  the  elastic  limit  volue,  where  /s  it  o  sort  of  ductility  factor. 

For  /t  =  I,  we  h^  elastic  oction;  for  /*  -  10,  we  hove  o  very  highly  plastic  oction  opproochir^  an  infinite  value. 

The  earthquake  spectrum  it  nxich  more  complicated  then  the  nucleor  shock  spectrum,  lecouse  they  give  about 
the  some  generol  results,  the  shock  spectro  shown  in  Figure  28  for  the  €1  Centro  eorthquake  cw  be  used  'n  our  discuuion. 
These  give  directly  the  elostic  components  of  motion.  We  would  hove  to  multiply  eoch  of  these  curvet  by  /s  to  get  the 
t^l  mt^ion  and  displocement  of  the  spring,  but  we  con  use  these  elastic  comporterts  directly  to  get  occelerotiorst.  In 
Figure  28,  the  lop  curve  (fi  =  I)  is  the  some  os  the  curve  for  0  »  .02  in  Figure  23.  The  other  curves  m  Figure  28  ore  for 
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variouf  voIum  of  jJ,  from  /i  =  1  to 
^  3  10.  Figur*  29  domonstratts 
tf)«i«  rotults  b«tt«r.  On  tfi«  loft, 
tf^  total  diiplocomont  it  protorvod. 

In  otf)«r  wordi,  tfi«  ditploc«m*nt  of 
both  tb«  •lotto-ploitic  tyttom  and 
th«  slottic  tyttom  or*  obowt  th* 
tom*.  W*  can,  lb*r*for«,  infer 
whot  th*  tlaitic  conf>on*nt  of  dit~ 
ploc*m*nt  it,  or  what  th*  acc*i*ro>  * 
tion  it,  by  dividing  th*  elottic  o 

r*tpor»*  by  lh«  ductility  foctor  ^ 
for  which  w*  n**d  to  design .  On 
th*  •Ktrtm*  right,  th*  occ*l*rotiont 
or*  th*  tom*  for  both  lyttomt  and 
or*  egual  to  th*  moximum  ground 
occ*l*ratior*.  In  other  words,  if 
th*  inelastic  spring  con  carry  th* 
fore*  which  corresponds  to  th*  most 
times  occelerotion,  it  will  do  to  ar>d 
olthough  it  will  hove  on  extremely 
lorg*  dispiocement,  th*  occelerotion 
it  not  reduced  even  though  the  spring 
it  inelostic .  In  between,  we  hove  o 


Displacement 

Fig.  27  Replocement  of  an  Inelastic  Lood-Oeflection 
Relation  by  an  Elosto-Plostic  Relation 
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transition  and  somewhere  here  we  can  deal  with  the  energy  being  conserved.  Actually  the  conservation  of  energy  is  not  on 
the  safe  side  in  the  low  frequency  range.  It  is  on  the  safe  side  in  the  high  frequency  region  and  it  is  a  good  approximation 
to  an  interior  or  intermediate  region. 

Therefore,  we  can,  in  general,  divide  response  spectra  up  into  three  parts:  on  the  left,  we  have  low  frequencies 
and  we  conserve  displacement;  on  the  right,  we  hove  high  frequencies  and  we  conserve  force  or  occelerations;  in  the 
middle,  we  have  intermediate  frequencies  and  we  conserve  energy.  We  con  now  deol  with  any  inelastic  system  subjr.'.tod 
to  shock  without  difficulty.  This  means  that  we  can  conserve  one  or  the  other  of  these  quontities  os  shown  in  Table  4. 

With  being  the  ductility  foctor,  we  note  that  when  displacement  is  conservec,  the  total  displacement  is  the  sorre  for  the 
elasto-olostic  r^onse  relative  to  the  elastic  response .  When  energy  or  velocity  is  conserved,  the  total  dispiocemcni  rit>o 
f^/y  2^-  1  and  the  acceleration  ratio  is  \/J  2/1-1  .  When  force  or  occeleration  is  conserved,  the  total  displacement 
ratio  is  ^  and  the  acceleration  ratio  is  I.  Thus,' we  con  design  on  inelastic  support,  if  we  wish,  by  taking  these  factors 
into  account. 


TABLE  4 


Quantity  Conserved 

Elosto-Plostic  Relative  to  Elastic  Response 

Total  Displocement 

Acceleration 

Displacement 

\ 

1 

1/M 

Ersergy  or  Velocity 

i/^2M-  r 

Force  or  Acceleration 

H- 

1 

When  we  are  dealing  with  the  design  of  an  ursderground  structure,  even  though  we  moy  hove  token  into  ubcount 
the  situation  as  far  os  motion  is  concerrted,  we  must  take  into  occount  the  relotive  motion  between  two  points  under 
transient  conditions  if  we  ore  planning  to  connect  those  two  points  together  in  ony  way  by  wiring,  duct  work,  pipes,  or 
anything  else.  Figure  30  illustrates  two  such  points,  a  and  b,  in  a  structure  where  we  know  the  free-fteld  motion  arsd  how 
it  is  changed  in  the  structure.  In  other  words,  it  is  not  appropriate  to  assume  that  these  will  deflect  in  phase,  even  though 


Fig.  30  Relative  Oisplocements  within  a  Structure 
^^socioted  with  Structural  Oistortion 
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they  may  hove  the  some  frequency.  They  con  get  out  of  phase.  Thus,  we  must  provide  for  relative  displacements  between 
the  two  points  corresponding  to  the  deformotion  of  the  structure  cind  the  deformation  of  any  piece  of  equipment  mounted  on 
a  spring  thot  oscillates  when  supported  at  that  poinr.  In  general,  we  must  provide  for  the  sum  of  the  obsclute  values  of  the 
.noximum  excursions  when  we  interconnect  onything.  Otherwise,  we  will  get  into  trouble  with  breolfing  pipes  ond  wires 
jm!  rc  forth . 

Figure  31  is  merely  on  excuse  to  tolk  about  certain  other  things  I  hove  neglected  up  to  now.  This  shows  o  box 
resting  on  o  relatively  hard  stratum  surrounded  by  a  softer  stratum  of  material.  Under  these  conditions  the  deformation  of 
the  soft  strotvri  is  not  transferred  completely  to  the  box  because  it  is  suppr  rted  rather  wel’  or  the  hard  stratum.  But  be- 
f.nu-e  t:  it  s‘..j.'i5orted  in  a  foshici"'  different  fron,  the  material  olonr^  side  it,  there  v  til  be  iheirs  transmitted  along  the  sices; 
negative  skin  friction  if  you  will .  This  is  okin  to  the  old  problem  of  the  f.'^e  o  pile  p<ck?  up  wh«>n  the  earth  oround  it 
settles  relative  to  the  point  of  the  pile.  We  hove  to  take  this  info  account  in  the  design  of  the  structure. 

The  displacement  of  the  bottom  of 
this  structure  is  governed  primarily  by  the 
displocement  of  the  hard  stratum.  If  is 

determined  by  the  deformation  of  the  structure  GROUND  SURFACE 

ond  also  its  bose.  In  many  coses  we  can  treat  '  -  ■'  .  .  . . . . 

this  structure  os  if  it  were  a  stratum  of  soil, 
particularly  when  it  is  sufficiently  large.  For 
o  given  force  applied  to  the  roof,  we  hove  a 
certain  force  at  the  base  which  gives  us  o 
deformation.  We  con,  therefore,  get  a  sort 
of  equivalent  modulus;  we  con  also  get  on 

equivalent  density  from  its  tatol  weight  STRATUM  I 

divided  by  its  total  cross-sectional  area.  We 
con  then  compute  a  seismic  velocity  for  it, 

We  find  that  in  many  cases  it  is  comparable  i  i  i  ■  -i  ■  ■  ■  i  .■  i  —  - 

to  thot  of  0  moderately  stiff  or  moderately  soft 

soil.  Some  calculations  that  I've  mode  for 

representoHve  buildings  give  values  of  the 

order  of  3,000  to  S,  000  feet  per  sec  ortd.  We 

con  then  view  this  os  if  it  were  o  strotum  of  l«i«ii  . .  . . 

moteriol  ond  deal  with  reflections  from  it.  --.-i—----— 

When  a  shock  or  pressure  wove  comes 

down  through  stratum  1  and  reaches  strotum  2  STRATUM  2 

there  ts  a  reflection.  In  other  words,  there  is 

a  partial  transmittal  and  o  partial  reflection 

ot  die  surfoce  of  stratum  2.  If  this  were  an 

infinitally  rigid  material  there  would  be  o 

reflection  foctor  which  would  double  the 

stTM  at  this  point  and  also  the  velocity  would 

^**^"*  *^*  j  L  ’  k.  .1.  I  Fig.  31  Effect  of  Bufiol  in  ReloHvely  Soft  Soil 

There  is  o  change  in  both  velocity 

and  stress  which  must  be  token  occount  of 

when  we  deal  with  the  phenomeno  that  occur  here,  if  a  stress  which  has  been  reflected  ot  stratum  2  is  coming  bock  to  the 
surfoce  and  hits  the  structure,  there  will  be  o  negative  reflection  ond  the  streu  goes  bock  and  torth.  In  this  cose,  w# 

^nd  thot  the  magnitude  of  the  Oroin  oscillates  about  some  level,  i.e.,  the  some  level  whicti  it  would  hove  if  there  were 
no  reflection.  For  many  purposes,  such  os  computing  displocement,  we  con  forget  obout  the  reflection.  However,  if  we 
wont  to  compute  portkie  velocity  ond  occeltrotion  we  must  take  it  into  occount  becouse  instantaneous  values  do  not  show 
these  phenomeno.  When  we  look  ot  o  relotiveiy  thin  structure,  assuming  iho<  there  is  no  underlying  stratum,  the  stress 
hits  ths  top  ^  it  and  tries  to  move  the  whole  structure.  There  may  be,  over  on  inrinitesimolly  smoil  period  of  time,  o 
sort  of  refleciion.  if  the  shock  wove  were  present,  there  would  be  reflection,  in  the  obtence  of  o  ihocx  wove,  this 
structure  noves  with  the  underlying  moteriol.  Consequently,  the  net  effect  is  a  much  imoiier  reflection  factor,  opprooching 
olmo-.t  rione  at  oil .  This  has  happened  in  structures  on  which  we  hove  not  been  able  to  measure  reflections  orsd  this,  I 
:h:rA,  it  completely  consistent  with  the  focts  that  the  structure  ihelf  hoi  o  tort  of  equivalent  seismic  velocity  ond  mou 
which  must  be  taken  into  account. 

A  finoi  point  is  desirable  to  moke.  The  base  of  the  slrwcture  in  Figure  31  was  o  slab,  if  it  hod  been  a  leries  of 
footir^s  we  would  hove  tome  design  problems  to  provide  for  the  proper  motione  and  displocement  of  the  footings.  If  it  is 


STRATUM  2 


Fig.  31  Effect  of  Bunol  in  Relatively  >oft  Soil 
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a  complete  slab  then  rite  design  problem,  oithdugh  it  is  complicated,  resolves  itself  Into  o  ?  of  judgement.  We  cor  see 
the*  we  need  r>ot  Seve  the  footing  ony  stronger  than  the  roof,  so  thot  even  though  it  looks  like  we  might  get  lorge 
displocements,  the  whole  areo  is  looded  ond  the  dispiacerr.&it  will  be  no  greater  than  in  tlie  soil  oround  it. 

This  brief  introduction  to  the  Symposium  was  intersded  to  give  a  survey  of  the  problems  involved  in  soil -structure 
interoction.  The  popers  that  follow  will  give  detailed  results  of  research  studies  ond  design  applications. 


Nathan  *  Newmork,  Professor  of  Civil  ‘"ngineering  ar>d  Heod  of  the 
Deparrmenr  of  the  University  of  Illinois,  bos  been  o  member  of  the  stof*  at 
Illinois  since  1930.  He  hos  bcer'i  engoged  in  research  ond  instruction  in 
structural  engioec'l .tg  for  '■'is  entire  care^fr,  and  has  been  in  charge  of  the 
Structurcl  Research  Leboroton/  since  194b.  In  1955,  Rutgc's  University 
conferred  the  honorory  degree  of  Doctor  of  Science  on  Professor  Newmork, 
who  received  his  Bachelor  of  Science  degree  there  in  1930.  In  May  1962, 
Of.  Newmork  wa>,  elected  o  FelioA  of  the  Amencon  Acodemy  of  Arts  and 
Sciences,  one  in  April  1964  he  wos  nomed  to  o  Committee  of  Twenty-Five, 
appointed  by  the  Mnticnol  Accxiemy  of  Sciences,  to  select  the  chorter 
members  of  a  Notional  Academy  of  Engineering.  He  is  the  outhor  of  over 
145  papers  in  the  fields  ot  stnrctcr  li  onolysis  ond  desigh,  opplied  mecKinics, 
•lumericol  metticds  of  stress  onoiysis,  and  effects  of  impot',  shock,  vibrofion, 
wtive  ocrion,  bloit  ond  eorthc^oal-es  on  structures.  He  has  served  as  a  con¬ 
sultant  to  a  great  many  industrial  organizations  and  a  number  of  government 
agencies  in  these  fields.  He  ix»  been  o  member  of  consultirsg  boords  ond 
parrels  for  mony  of  these  groups  ond  hos  been  ossociated  with  nearly  ail  the 
nuclear  field  test  pfogroms  dealing  with  effects  on  structures. 


24 


SESSION  TWO-MONDAY  PM 
WAVE  PROPAGATION  IN  SOIL  MEDIA 

SESSION  CHAIRAAAN:  ROBERT  V.  WHITMAN 

TABLE  OF  CONTENTS  po^e 

CHARACTERISTICS  OF  STRESS  WAVE  PROPAGATION  IN  SOIL,  E.  T.  Sellg  27 

DYNAMIC  BEHAVIOR  OF  GRANULAR  MEDIA,  Jonw  V.  Zoccor  62 

STATIC  AND  DYNAMIC  CONSTRAINED  MODULI  OF  FRENCHMAN  FLAT  SOILS, 

A,  J.  Hendron,  Jr.  and  M.  T.  Doviuon  73 

PROPAGATION  OF  DYNAMIC  STRESSES  IN  SOIL,  Lynn  Seomun  98 


25 


Participants  in  Session  Two  were,  left  to  right,  Robert  V. 
Whitman  (Session  Chairman);  Lynn  Seoman;  M.  T,  Davisson; 
E.  T.  Selig;  and  J,  Zaccor, 


CHARACTERISTICS  OF  STRESS  WAVE  PROPAGATION  IN  SOIL 

by 

E.  T.  Selig* 


ABSTRACT 

A  review  is  mode  oF  tne  basic  characteristics  of  slKx:k  induced  stress  wove  propagation  theories  and  previous 
research.  Attention  is  primarily  devoted  to  the  situations  where  the  slope  of  the  stress-strain  curves  of  the  soil  decreases 
with  increasing  stress  or  strain,  i.e.,  negative  curvature.  The  effect  of  elastic,  viscoelastic,  plastic,  locking  and  general 
noniineor,  inelastic  behavior  is  discussed.  The  phenomena  are  further  illustrated  by  wove  propogation  experiments  in  long, 
horizontal  bars  of  dry  sand  confined  under  constant  lateral  pressure  with  one  end  subjected  to  dynamic  loading  from  an  air 
shock  tube.  The  observed  results  are  compared  with  theoretical  predictions.  It  is  shown  that  the  major  features  of  the 
observed  stress  waves  con  be  explained  on  the  basis  of  the  chorocterlstic  nonlinear,  inelastic  stress-stroin  behavior  of  the 
sand  without  the  ir, elusion  of  time  dependent  effects. 


INTRODUCTION 

The  pcTpose  of  this  paper  is  to  present  some  of  the  basic  characteristics  of  stress  wove  propagation  in  soils.  Con- 
sideroble  attention  is  given  to  previous  work  on  the  subject  and  the  various  basic  theoretical  approaches  are  summorized. 

Thc^  phenomena  are  Illustrated  by  experiments  of  shock  induced  wave  propogotion  in  bars  of  sand.  The  particular  lateral 
boundary  condition  of  constant  confining  pressure  was  used,  hence  the  experiments  were  not  strictly  one-dimensional. 
However,  the  results  are  useful  In  evolucrfing  both  constrained  ond  confined  wave  propagation  in  soils, 

A  nonlinear,  inelastic  theory  of  wave  propagation  is  compared  to  some  of  the  experimental  results  to  estoblish 
the  validih/  of  the  theory  and  the  significance  of  the  important  phenomena.  On  the  basis  of  this  agreement,  the  theory 
is  extended  to  show  the  influence  of  the  soil  stress-strain  characteristics,  specimen  boundary  conditions  and  applied  loading. 

The  general  definition  of  stress  waves  includes  the  special  case  where  o  stress  discontinuity  or  shock  exists.  It 
will  be  shown  that  even  though  shock  loading  is  applied  to  the  soil  the  induced  stress  waves  will  not  necessorily  be  shock 
woves.  The  nature  of  the  wave  depends  upon  the  stress-strain  characteristics  of  the  soii~in  general,  for  the  condition  of 
constant  confining  pressure,  shockwaves  will  not  be  transmitted  through  the  soil. 

WAVE  PROPAGATION  THEORIES 

A  detailed  discussion  of  stress  waves  in  solids  has  been  presented  by  Kolsky  (1),  In  o  medium  that  connotsustain 
finite  shear  stresses  only  one  type  of  wove,  o  pressure  wave,  can  be  propagated.  It  trovels  with  a  velocity  vk/p 
where  k  is  the  bulk  modulus  and  p  is  the  density,  in  isotropic  solids  of  unlimited  extent  two  tyou  of  elastic  waves 
may  be  propagated.  These  are  dilotationaj  waves  which  travel  with  the  velocity  [(k  +  4m/3)/p]  '  ,  where  is  the 
modulus  of  rigidity  (or  [  (  X  +  2  Mj/p]  where  X  is  Lame's  constant  =  k  -  2/3  M),  and  dlstortionol  waves  which 
travel  with  the  velocity  (M/p  In  addition,  elastic  waves  may  olso  be  propagoted  olong  the  surface  of  a  solid. 

These  are  called  Rayleigh  waves,  and  the  disturbances  ossociated  with  them  decay  exponentially  with  depth.  Because 
they  are  two-dimensional  they  attenuate  less  rapidly  with  distance  thor.  the  other  types  of  elastic  waves. 

The  particle  motion  of  the  dilatational  waves  is  olong  the  direction  of  propogation.  The  porticle  motion  of 
disrortionol  waves  is  perpendicular  to  the  direction  of  propagation.  The  porticle  motion  .n  Rayleigh  surface  waves  is  in 
the  plane  perpendicular  to  the  surface  along  which  the  waves  are  traveling  and  parallel  to  the  direction  of  propagation. 

Real  solids  are  never  perfectly  elastic;  instead,  there  may  be  hysteresis  in  the  lood-unlood  cycle  or  viscosity 
resulting  in  o  dissipation  in  energy.  Many  materials  also  show  mechanical  reloxotion  whereby  the  strains,  produced  by 
application  of  a  sudden  fixed  slress,  increase  asymptotically  with  time  ond  the  stresses  due  to  application  of  a  sodden 
fixed  strain  relax  asymptotically  with  time.  Stress  waves  with  periods  close  to  the  reloxation  time  of  such  a  medium  are 
significantly  attenuated  in  the  medium. 

In  materials  having  nonlinear  stress-strain  relationships,  shock  waves  and  plastic  waves  may  be  formed.  Shock 
woves  may  occur  where  the  stiffness  increases  with  stress  so  that  the  higher  intensity  portion  of  a  pulse  travels  foster  thon 
the  initial  portion.  In  o  material  which  is  elastic  up  to  a  certain  stress  and  then  plostic,  an  elastic  wave  is  propagated 
through  the  medium  followed  by  a  plastic  wove  of  lower  velocity, 

*  Senior  Research  Engineer,  IIT  Research  Institute,  Chicago,  Illinois. 
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Elastic  Waves 

- simplest  theory  of  longitudinal  wove  propagation  in  a  horizontal  column  or  cylindrical  bar  is  that  for  o 

perfectly  elastic  material.  This  case  is  governed  by  the  well  known  wave  equation 


P 


2 

d  u 


(1) 


where  p  is  the  moteriol  density,  E  Young's  modulus,  u  the  displacement  of  a  cross  section,  x  tie  position  olong  the  bar 
and  t  time.  It  is  assumed  that  plane  cross  sections  remain  plane,  that  the  stress  is  uniform  over  the  cross  section,  and 
that  the  wave  lerigth  is  much  longer  than  the  bar  diameter. 

Extensions  and  controctions  in  the  longitudinal  direction  will  be  occompanieo  by  contractions  and  extensions 
in  the  transverse  direction.  Therefore,  when  the  wove  length  is  of  the  some  order  os  the  bar  diometer,  the  stress  will 
become  nonuniform  on  the  cross  section,  and  the  plane  cross  sections  will  become  warped. 

The  solution  of  Eq.  1  may  be  written 

u  =  f(c  t  -  x)  +  F  (c  t  +  x)  (2) 

o  o 

where  c  ,  the  velocity  of  wove  propagation,  is  equal  to  . 

*me  following  observations  can  be  mode  from  these  equations: 

1 .  The  stress  at  any  point  is  propottional  to  the  particle  velocity. 

2.  Since  the  wove  velocity  is  independent  of  the  frequency  of  the  stress,  o  stress  pulse  will  travel 
without  distortion. 

3.  The  shape  of  the  pulse  reflected  from  o  free  end  is  the  some  as  that  of  the  incident  pulse,  but  opposite 
in  sign,  i.e.,  a  corr^ression  wove  will  be  reflected  in  tension.  The  particle  velocity  and  displacement 
at  the  free  end  of  the  bar  ore  twice  those  along  the  bar. 

4.  A  pulse  is  reflected  from  o  fixed  boundary  unchonged,  i.e.,  o  compression  wove  reflects  as  o 
compression  wave.  The  stresses  at  the  fixed  end  are  double  those  when  the  pulse  is  traveling 
along  the  bar. 

When  the  wavelength  becomes  comparable  with  the  lateral  dimensions  of  the  bar,  the  velocity  of  longitudinal 
waves  depends  upon  the  wavelength  and  at  very  short  wavelengths  they  trovel  with  the  velocity  of  Rayleigh  surface  waves. 


Viscoelastic  Waves 

One  well  known  departure  from  an  ideal  elastic  solid  is  a  viscoelastic  materiel.  In  such  o  moteriol,  energy  is 
dissipated  through  viscous  forces.  Maxwell  (2)  was  one  of  the  first  to  suggest  a  time-dependent  stress-strain  re'ntionship 
os  more  closely  approximating  the  behavior  of  o  real  solid.  He  proposed  o  relotionship  of  the  form 


dc  O’ 
If'  T 


(3) 


where  E*  is  the  appropriate  elastic  constant  and  r  is  the  relaxation  time.  Thus,  when  o  stress  is  applied  for  o  time 
which  is  short  compared  to  r  ,  the  behovior  is  like  that  of  an  elastic  solid,  while  for  times  long  compared  to  t  the 
behavior  is  like  that  of  o  viscous  liquid. 

Three  models  of  viscoelastic  solids  ore  shown  in  Figure  1.  The  simplest  model  is  the  Maxwell  solid  (Figure  la) 
consisting  of  o  spring  and  dashpot  in  series.  For  the  Voigt  solid  (Figure  lb),  the  stress  is  equal  to  the  sum  of  two  parts, 
one  proportional  to  strain  and  the  other  proportional  to  strain  rate.  The  Maxwell  model  represents  stress  relaxation  while 
the  Voigt  model  represents  creep.  The  internal  friction  or  damping  capacity  of  the  Maxwell  solid  varies  inversely  with 
frequency  while  that  for  the  Voigt  solid  is  proportional  to  frequency.  Experimentol  evidence  indicates  that  for  most 
solids,  neither  is  entirely  correct  and  damping  capacity  is  often  roughly  independent  of  frequency  (1).  A  more  general, 
but  more  complicated  representation  shown  in  Figure  Ic  combines  the  features  of  the  Voigt  and  Maxwell  models  in  an 
attempt  to  more  closely  represent  true  behavior. 

For  the  Maxwell  model,  the  stress  asymptotically  approaches  zero  when  a  constant  strain  is  applied,  hence,  the 
model  does  not  transmit  static  stresses.  In  practice,  it  hor.  been  observed  that  a  finite  stress  usually  results.  The  Voigt 
model  does  not  represent  stress  relaxation,  since  if  the  strain  is  fixed  the  stress  is  fixed.  Another  disadvantage  of  the 
Voigt  model  is  that  it  transmits  step  pulses  at  Infinite  speed,  i.e.,  there  is  no  upper  bound  to  the  wave  propagation 
velocity.  By  placing  a  spring  in  parallel  with  the  Maxwell  model  and  a  spring  in  series  with  the  Voigt  model,  these 
deficiencies  are  overcome  and  the  two  resulting  models  are  mechanically  equivalent  (Figure  2). 

Hillier  (2)  has  derived  the  equations  describing  propogotion  of  longitudinal  waves  in  modified  Voigt  viscoelastic 
element  shown  in  Figure  2b.  The  wave  velocity  and  damping  of  the  case  where  the  two  springs  have  equal  stiffness  are 
shown  in  Figure  3  as  o  function  of  frequency  of  applied  pulse,  p.  In  Figure  3,  r  !$  the  'Vetardation  time,"  c  the  wave 
velocity,  Cq  velocity  based  upon  the  stiffness  of  one  of  the  two  springs  alone,  and  Qc  the  attenuation  factor. 
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n)  Maacwell  Solid  b)  Voigt  Solid  c)  More  General  Solid 

Fig.  1  Models  of  Viscoelastic  Solids 


a)  Modified  Maxwell  b)  Modified  Voigt 


Fig.  2  Modified  Viscoelastic  Models 
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Fig.  3  Characteristics  of  Modified  Voigt  Viscoelastic  Solid  f3) 
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Damping  is  a  maximum  when  the  period  of  the  vibration  is  about  equal  to  the  retardation  time,  and  falls  off 
rapidi/  for  increases  or  decreases  from  this  value.  The  velocity  increases  significontly  with  frequency.  For  very  low  fre¬ 
quencies,  the  velocity  corresponds  to  that  for  the  two  springs  in  series  without  the  doshpot,  while  for  very  high  frequencies 
it  corresponds  to  that  with  the  spring  in  parallel  with  tiw  doshpot  inoperative.  This  velocity  change  is  analogous  to  the 
dispenion  In  a  perfectly  elastic  rod  when  the  wavelength  is  of  the  some  order  os  the  diameter.  However,  the  effects  on 
velocity  are  opposite,  high-frequency  waves  traveling  faster  thon  low-frequency  waves  in  the  viscoelastic  solid  and  slower 
in  the  short  elastic  rod. 

Lai  and  Souer  (4)  hove  computed  the  transient  strea,  strain  and  particle  velocity  response  of  a  semi-infinite  rod 
represented  by  the  standard,  linear,  viscoelastic  model  shown  in  Figure  2.  This  is  the  simplest  model  which  has  a  finite 
wove  propagation  velocity  and  will  support  load  without  infinite  creep.  The  stress-time  history  applied  to  the  end  of  the 
rod  is  characteristic  of  an  air  blast  from  a  nuclear  explosion. 

For  a  step  pulse  applied  to  the  end  of  the  bar  the  stress  voriation  with  time  at  two  points  along  the  bar  ore 
compared  for  the  elastic  and  viscoelastic  models  in  Figure  4.  As  the  distance  along  the  bar  Ir\creases,  the  initial  jump 
in  stress  decreases  and  the  time  to  reach  the  steady-state  value  increases  for  the  viscoelastic  moteriol.  The  wave  remains 
unchanged  for  the  elastic  model.  The  strain  and  particle  velocity  vary  in  the  same  manner  with  time. 

The  stress  variation  with  time  for  severol  wave  forms  and  otm  position  in  the  bo’  is  shown  in  Figure  5.  The  stress 
jump  is  the  some  in  all  cases.  For  the  step  function,  the  stress  increases  monotonically  to  the  maximum  value.  For  the  de¬ 
caying  loading  pulse  the  stress  first  increases  and  then  decreases  as  it  approaches  tne  loading  pulse  asymptotically.  However, 
as  the  decay  rate  increases  the  point  of  maximum  stress  opprooches  the  wave  front  so  that  the  jump  value  becomes  the 
maximum  value.  The  same  trends  occur  for  strain  and  particle  velocity. 


t  t  t 

a)  Position  1  b)  Position  2  c)  Position  3 

Fig.  4  Attenuation  of  Stress  in  Viscoelastic  Bar  (4) 


Time,  t 


Fig.  5  Effect  of  Wove  Form  on  Stress  Vorlotion  (4) 
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The  stress  variation  for  one  wave  form  and  several 
positions  along  the  bar  is  shown  in  Figure  6.  With  increas¬ 
ing  distance,  the  stress  jump  value  decreases,  the  point 
of  maximum  stress  occurs  at  increasingly  greater  times 
after  the  wove  front,  and  the  stress  values  overshoot  the 
loading  pulse.  The  attenuation  of  the  maximum  stress 
with  depth  is  shown  in  Figure  7  for  a  given  wave  form.  As 
the  degree  of  viscoelastic  behavior  increases  for  a  given 
position  and  loading  pulse,  the  maximum  strain  and  particle 
velocity  iiscreose,  and  the  rise  time  for  maximum  stress- 
strain  and  particle  velocity  increase. 

Typical  stress-strain  curves  are  shown  in  Figure  8 
as  a  function  of  degree  of  viscoelastic  behavior  and  wave 
form.  The  greatest  hysteresis  occurs  for  the  slowest  decay 
rate  of  loading  pulse  in  the  model  which  is  least  elastic. 

Plastic  Waves 

Waves  in  materials  with  nonlineor  stress-strain 
relationships  and  hysteresis  present  a  much  more  complex 
analysis  problem  (I).  The  fint  problems  considered  involved 
stress  increase,  or.ly,  applied  to  infinitely  long  wires  or  rods 
assuming  1)  a  single-valued  stress-strain  relationship  with  a 
decreasing  slope  after  the  elastic  limit,  2)  non-time- 
dependent  stress-strain  response,  and  3)  a  cross  section 
sufficiently  small  that  the  effects  of  lateral  inertia  could  be 
neglected.  Under  these  conditions,  on  elastic  wove  will 
be  propagated  at  the  fastest  velocity  followed  by  a  transition 
zone  and  then  a  plastic  wave  at  a  slower  velocity  deter¬ 
mined  by  the  modulus  of  the  stress-strain  curve. 

The  next  step  was  to  consider  a  finite  length  of 
pulse  so  that  unloading  occurred.  For  the  stress-strain 
relationship  assumed,  an  unlooding  wove  will  travel  down 
the  rod  at  a  faster  velocity  than  the  plastic  wave.  It  will 
eventually  catch  up  with  the  plastic  wove,  producing  on 
internal  reflection.  This  causes  a  plastic  wove  of  lower 
intensity  to  propagate  forward  and  an  elastic  wave  of  the 
same  sign  to  propagate  backward.  For  a  finite 
length  rod,  eicstic  and  plastic  waves  will  also  be 
reflected  from  the  end  in  a  manner  depending 
upon  the  end  conditions. 

A  different  situation  occun  with  a  material 
whose  modulus  increases  with  stress  instead  of  de¬ 
creasing.  In  this  cose,  the  larger  stresses  will 
travel  foster  than  the  smoller  ones,  eventually 
overtaking  them  and  creoting  a  ^teep  front  or  shock. 

The  thickness  of  the  transition  zone  containing  the 
shock  front  depends  on  the  properties  of  the  medium 
arvi  is  governed  by  the  extent  of  energy  diuipotion . 

The  latter  can  be  quite  significont  because  of  the 
high  velocity  gradients  existing  at  the  shock  front. 

The  general  theories  for  plostic  wave 
propagation  in  rods  hove  been  reviewed  by 
Tumbow  (5).  Consider  a  typical  streu-strain  curve 
where  the  slope  decreoses  with  increasing  stress 
(Figure  9a).  Applying  Newton's  low  to  a  region  of 
rne  rod  acted  on  by  a  net  stress  at  a  stress 
level  ^  ,  (Figure  %)  one  finds  that 


Fig.  6  Attenuation  of  Wove  Form  with  Distance  (4) 


Distance 


Fig.  7 


Attenuation  of  Maximum  Streu  with  Distance  for 
o  Given  Decaying  Wave  Form  (4) 


UJ 


Strain,  4 

Fig.  8  Viscoelastic  Stress-Strain  Response  (4) 
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where  c  is  the  velocity  of  propagation  of  the  disturixince  ond  ^he  tangent  to  the  stress-strain  curve  at  . 
For  the  elastic  case,  Eq«  4  reduces  to  ,  ,  ^ 

c=VF 

For  0  material  with  a  stress^troin  curve  coruisting  of  linear  segments,  the  velocity  of  portions  of  the  applied  stress 
pulse  within  these  segments  would  be  cortstant  and  the  pulse  would  propogate  in  a  series  of  discontinuities.  Several 
examples  are  illustrated  in  Figure  10. 

Donnell  (6),  noting  this  decrease  in  velocity  with  increase  in  stress  due  to  the  nonlinearity  of  the  stress-strain 
curve,  pointed  out  that  at  high  enough  rates  of  loading  energy  would  be  "trapped"  in  the  region  of  the  loaded  end  of  the 
bar,  causing  failure  near  the  end  when  it  otherwise  might  not  occur.  This  mechanism  explains  observed  failure  at  high 
rates  of  loading  without  resort  to  strain-rate  effects. 

When  the  slope  of  the  stress-strain  curve  increases  ^  / 

with  stress,  a  different  situation  occurs  as  indicated  pre-  / 

viousiy.  The  overtaking  tendency  of  the  portion  of  the  wave  / 

at  highest  stress  levels  maintains  a  sharp  fronted  wave  / 

traveling  at  a  velocity  governed  by  the  secant  modulus  of  /  *  V  “  ^  * 

the  stress-strain  curve.  Several  examples  are  given  in  ^ 

Figure  1 1 .  The  shaded  area  on  the  stress-strain  diagram  / 

represents  unrecoverable  thermal  energy  dissipated  in  the  _ _ 

form  of  heat.  t  x 

The  three  basic  theories  of  plastic  wave  pro- 

pogation  In  cylindrical  bars  are  known  generally  os  the  ^  astic  Materia) 

von  Kartrwn  theory,  the  Malvern  theory  and  the  Prondtl 

theory.  They  differ  only  in  the  assumptions  covering  the 

stress-strain  relationships  (5).  This  problem  is  governed 

by  equation  of  motion 


a)  Elastic  Materia) 


if.  p^JL  =  q 
ax  ^  at 


and  the  continuity  equation 

where  v  is  the  particle  velocity. 

It  is  assumed  that  1)  the  stress  is  uniformly  dis¬ 
tributed  over  the  cross  section,  2)  there  is  no  internal 
damping,  and  3)  kinetic  eneigy  due  to  lateral  motion  is 
small  with  respect  to  longitudinal  mot* on. 

The  von  Karman  theory  (7)  assumes  a  stress-strain 
relotionship  independent  of  rate  of  loading.  This  theory 
has  been  shown  to  approximate  certain  observed  behavior, 
but  Oewex  and  Clark  (8)  have  also  shown  some  results 
with  iron  which  indicate  large  strain^ate  effects. 

Malvern  (9)  extended  the  theory  to  apply  to 
materials  in  which  stress  is  a  function  of  the  instantaneous 
plastic  strain  and  strain  rate.  He  considered  the  static 
streu-strain  curve,  cr  =  f(c),  as  a  set  of  equilibrium  states 
with  plastic  flow  occurring  only  when  O'  >  f(<).  The 
streu-strain  law  is  then 

where  Eg  is  the  elastic  modulus  of  deformation .  Tbe 
function  g(  O',  IT )  is  the  strain-rate  function  and  is 
defined  as 


b)  Bilinear  Materia) 


c)  Nunlinear  Materia) 

Fig.  10  Propagation  of  Step  Pulse  in  Rods  cf  Various 
Strew-Strain  Charocteristics  (5). 
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The  Litter  condition  reduces  Eq.  8  to  the  elastic 
case.  Although  some  of  the  characteristics  of 
observed  stress-time  relationships  were  predicted, 
because  of  the  use  of  a  linear  strain  low  the 
Malvern  theory  did  not  predict  other  important 
features  of  plastic  wave  propagation.  This  method 
does  appear  to  be  a  plausible  n«ans  of  introducing 
strain-rate  effects,  however,'  because  the  rate  of 
increase  of  plastic  strain  is  proportional  to  the 
amount  by  which  the  instantaneous  stress  O" 
exceeds  the  static  stress  f(€)  for  the  same  strain. 

Prandtl  (10)  predicted,  on  the  basis  of 
kinetic  theory,  a  dynamic  stress-strain  law  which 
assumes  that  the  excess  stress  above  the  static 
stress  is  a  logarithmic  function  of  the  plastic 
strain  rate,  i.e.. 


g(o>€)  =  k^axp  (• 


_  J 


Bilinear  Material 


Malvern's  theory  is  a  linear  approximation  of  t  , 

PrandtI's  theory  to  simplify  numerical  computations.  ^  ^ 

Plass  (11)  compared  the  Malvern  and  >!_ _ _ 

Prandtl  theories.  He  showed  that  moderate  / 

changer,  in  the  shape  of  the  static  stress-strain  /  N. 

curve  does  not  appreciably  effect  the  streu,  / 

strain,  and  particle  velocity  distribution;  however,  V  .. 

the  linear  and  exponential  laws  give  slightly 

different  shapes  to  these  distributions.  s  x 

The  strain-rote  theories,  in  effect, 

assume  that  the  moterial  reponds  elastically  under  . 

instantly  applied  forces  and  that  time  is  required  Reversed  Curvature 

for  plastic  flow  to  occur.  The  non-stroin-rote  Fig.  1 1  Propogotion  of  Step  Pulse  in  Rods  with  Stress-Stroio 

theories,  such  os  von  Korman's,  assume  that  Curves  for  Increosing  Siupe  (5). 

plastic  deformation  can  occur  instantly.  This 

point  was  investigated  by  Sternglass  and 

Stuart  (12),  who  prestressed  o  copper  strip  into  the  piqstic  region  and  then  meosured  the  velocity  of  propagation  of 
superimposed  smoll  orrplitude  waves.  They  found  ihot  the  wove  front  traveled  ot  the  elastic  velocity  ond  thot  the 
velocity  of  every  port  of  the  wove  wos  much  greater  thon  the  fheoreticol  volue  given  by  the  tongent  modulus  ot  the 
existing  stress  level.  These  results  clearly  controdict  tie  von  Kormon  theory. 

A  further  comparison  of  the  two  theories  was  mode  by  Karnes  (13)  in  connection  with  impact  studies  on  short 
cylinders  of  copper  and  lead.  He  conclu<led  thot  the  von  Kormon  theory  predicted  the  voriotion  of  strain  witf;  time 
with  reasonable  accuracy  except  ir>  the  vicinity  of  the  impoct,  this  theory  could  olso  predic*  the  tome  stress-time 
variation  as  the  strain-rate  theory  iv  a  finite  rise  time  is  used  insteod  of  o  step-looding  pulse  and  if  the  stotic  stress- 
strain  curve  is  modified  to  make  it  "dynonic”  by  a  proportionate  increase  in  stress  for  a  given  strain.  It  wos  corKluded 
that  neither  theory  sotisfoctoriiy  explained  all  of  the  oberved  behavior  and  that  rodial  inertiol  effects  would  hove  to  be 
included  in  the  analysis  to  properly  compore  theory  and  experiment. 

The  propogotion  of  plastic  waves  in  struln-rofe  sensitive  moteriols  was  considered  further  by  Topley  (M),  An 
investigation  was  mode  of  the  effects  of  lateral  inertia  on  propogotion  of  a  plastic  disturbance  in  a  short  copper  bor 
impocted  with  a  rigid  ram.  The  static  stress-strain  curve  of  the  moteriol  was  used  and  a  linear  strain-rate  low  ossumed. 
The  results  were  computed  from  both  the  elementary  Malvern  theory  orsd  a  theory  including  the  effects  of  rodiol  motion. 
Both  a  step  rise  and  finite  rise  in  velocity  at  the  impact  end  were  ossumed. 

A  comparison  of  theory  ond  experiment  showed  that  the  theory  incorporating  effects  of  rodial  motion  ond  finite 
velocity  rise  ogrees  better  with  experimental  results.  The  primory  effects  of  including  effects  of  shear  and  inertia 
associated  with  radial  motion  were  found  ha  be; 
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1 .  A  reduction  in  the  magnitude  of  the  predicted  axial  streu,  strain  and  particle  velocity  at  a  given  time. 

2.  A  more  oscillatory  history  for  the  magnitude  of  the  axial  quantities  due  to  the  influence  of  radial  effects. 

3.  The  appearance  of  a  dilotationol  and  distortional  propagation  velocity  insteod  of  only  the  "bar"  velocity. 

MIT  Experiments 

An  experimentol  study  of  stress  wove  propagation  in  constroined  bars  of  sorsd  was  corxiucted  ot  MIT  (15, 16). 

These  wave  propagation  tests  were  designed  to  permit  the  study  of  the  interrelationship  between  the  stress-strain 
characteristics  and  wove  transmission  phersomena.  The  testirsg  was  limited  to  dry  sands,  principally  a  20-30  mesh  Ottowo 
sand.  Short  duration  loods  were  applied  by  a  50  pound  ram  striking  ogainst  orse  end  of  a  horizontally  positioned,  lorsg 
cylindrical  sample  of  sand  confined  under  constant  pressure.  Impoct  velocities  up  to  ICX)  inches  per  second  were  possible. 
The  samples  were  2  inches  in  diameter  and  were  os  long  as  32  inches.  Confining  pressure  was  applied  to  these  samples 
by  evocuotirsg  air  from  the  interior  of  the  sample.  Measurements  were  mode  of  the  impact  velocity  of  the  ram  wove  pro¬ 
pagation  velocity  orsd  the  stress-time  relationships  ot  the  impact  and  reaction  ends  of  the  specimen. 

The  wave  velocities  computed  from  these  tests  ranged  from  1080  to  1420  fps  with  the  majority  of  tf.e  values  faliirsg 
around  1250  fps.  A  pronourtced  initial  stress  peak  was  developed  at  the  impoct  end  of  the  specimen.  With  the  higher 
impact  velocities,  this  peak  was  several  times  the  strength  of  the  sand  under  static  loading.  This  phenomenor  was 
attributed  to  the  inertia  of  sand  ogainst  lateral  expansion  and  the  frictional  restraint  of  the  e<td  cop. 

In  general,  especially  with  lower  impact  velocities  applied  to  the  shorter  samples,  the  impact  end  stress-time 
curves  dropped  to  a  minimum  after  the  initial  peak  and  then  begon  to  increose  once  rnore.  The  second  irscreose  in  the 
stress  level  was  thought  to  be  the  result  of  reflection  of  the  pressure  waves  from  the  fixed  end  of  the  sample.  It  is  ’uggested 
that  the  stress  levels  which  would  have  been  induced  in  the  samples  by  vorious  inipoct  velocities  hod  there  been  no  lateral 
inertio  or  strain  rate  effect  ore  best  represented  by  the  stress  level  immediately  after  the  peak.  These  volues  were  seen 
to  increase  grodually  wirh  on  irscrease  in  initial  impact  velocity.  Mony  of  the  stress-time  curves  for  the  reaction  end 
show  0  well  defined  Usee  in  the  rise  portion. 

The  primary  objective  of  these  wave  propagation  tests  was  to  permit  observotion  of  the  manner  in  which  a 
pressure  pulse  is  attenuated  by  a  column  of  sond.  From  the  theory  of  wove  propagation  in  o  viscoelastic  medium  and  con¬ 
sidering  the  relaxation  time  associated  with  lateral  inertia  effects  in  Ottowa  sand,  it  wos  concluded  by  the  cuthon  that 
the  reaction  end  stresses  observed  in  the  tests  upon  Ottawa  sand  should  not  be  sigriificantly  efrected  by  the  lateral  inert'a 
effects  on  the  impact  er  d.  Based  on  the  comporison  of  the  experimental  results  v«ith  the  theoretical  equatiorss  for  plastic 
and  viscoelostic  wove  phersomeno,  it  was  concluded  that  there  was  eviderKe  of  both  plostic  and  viKoelastIc  woves  in 
the  column  of  sand. 

Smith  arsd  Newmoik  (17)  mode  a  computer  investigation  of  one-dimensional  streu  wove  piancigotion  in  lit^  jr 
viscoelastic  moteriols.  The  results  were  compered  with  observed  behovior  in  several  moteriois  including  Ottowo  sand. 

The  approach  was  to  divide  the  continuous  moss  of  the  column  of  materiol  into  o  '>urrber  of  lumped  mosses 
connected  by  springs  orsd  doshpots.  The  effects  of  lateral  ineitio  were  >M»glected.  The  response  o<  the  system  to  o  given 
dynamic  force  applied  at  one  end  wos  determined  by  numerical  integrotion.  A  mojor  limitoti  n  of  the  viscoelastic  model 
is  that  it  does  not  occount  for  the  effsKts  of  rsonlinecr  stress-strain  characteristics  and  the  chorsgc  in  yield  stress  with 
strain  rate.  To  opproximote  these  effects  a  yield  stress  which  increoies  with  strain  rote  wos  incorporoted  into  the  spring 
elements  which  were  given  triiineor  chorocteristics. 

The  viscoelostic-plostic  model  of  Smith  ond  Newmark  was  compared  wiH>  the  resulH  of  the  MIT  experiments. 

The  high  initiol  stress  peeks  of  the  imsjoct  end  could  not  be  predicted  by  the  theory  if  the  mojor  feotures  of  the  remoir’  '^r 
of  tfse  stress  pulse  were  represented.  This  discrepancy  wos  attributed  to  loterul  Inertio  in  the  sond  column  on  the 
initiation  of  impoct. 

The  results  of  wove  propogotion  in  o  voriety  of  hypotheticoi  soils  were  cvdl>>oted.  The  following  observotiorts 
were  mode; 

1 .  The  amount  of  stress  ottenuotion  con  be  increased  by  irtcreosing  the  reloxotion  time  or  dccreosing 
the  spring  stiffrsess  rotio.  Both  tend  to  increose  the  hysterMit  loop  ortd  spreod  the  wove  out. 

2.  Coulomb  domping  decreoies  the  stress  propogoted  without  ch^iging  the  general  shape  of  the  stress  wove. 

3.  In  soils  whose  stiffrsess  increoies  with  depth  the  streu  may  increose  with  depth,  but  the  occeierations 
decreoie. 

Rorkin  (16)  developed  o  strain-rote  seraitive  model  for  orte-dimensionol  wove  prapogalion  and  compared  the 
predicted  behovior  with  the  results  of  the  MIT  experiments.  Me  u^sstta'-d  that  the  initial  sharp  streu  peok  observed 
in  the  experiments  con  be  explained  without  requiring  the  presence  of  loteral  inertio  os  Suggested  by  Smith  ortd 
Newmark  (17).  The  approocK  of  RorKn  is  potteraed  offer  ihot  of  Molvern  (9).  The  boursdory  corsditions  in  the  theorelicol 
model  incoiporoted  the  itiffneu  orsd  mou  of  the  gouges  at  the  ends  of  the  ipecimer>  used  in  the  experiments. 

The  results  of  the  onoiysis  showed  that  it  is  ponible  *o  ufctoin  excellent  agreement  between  the  theory  and 
experimentol  volues  of  peok  impact  streu  in  sends  over  a  range  of  impoct  velocities  fr-jm  20  to  100  ips  without  the  use  cf 
lateral  inertio  effects.  This  does  not,  of  course,  disprove  the  lateral  inertia  hypothesis,  t  .t  it  does  indicate  that  there 
ore  otf>er  ponible  explorsotions  of  the  observed  phenomenon.  The  outhor  points  out  that  the  ttroin-tote  theory  it  not  o 
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pli/sicai  theory  oixl  no  hypotitmis  concerning  the  origin  of  strain-rote  sensitivity  in  dry  sonds  is  proposed.  Proof  of  the 
existence  of  strain-rote  effects  in  sornl  would  give  further  support  to  the  Parkin  approach,  in  fact  one  might  qijestion  the 
aiscerd  of  the  lateral  inr^io  phenomeno  that  are  iertown  to  exist  in  reolih/,  for  a  strain-rote  mechanism  whose  significance 
has  not  been  estoblished. 

Whitmon,  in  a  discussion  of  Parkin's  paper  (18)  presents  two  reosons  for  the  occurrence  of  the  initial  stress  peok 
at  the  impact  end  of  the  send  column.  The  first  is  due  to  the  frictional  restraint  of  the  impacting  moss  to  loteral  e  sponsion 
of  rhe  soil  column.  Until  the  wove  travels  several  diameters  along  the  specimeii,  the  sand  octs  as  though  it  were  confined 
by  the  friction.  The  second  is  due  to  lateral  inertia  which  effectively  increases  the  specimen  confining  pressure.  Thus, 
at  high  enough  impoct  velocities  the  stress  should  rapidly  rise  to  a  value  above  the  static  strength  and  then  decrease  to  the 
static  value  offer  the  ioterol  expansion  has  hod  time  to  take  ploce.  This  is  exactly  the  behavior  observed  in  the  tests. 
Approximate  calculations  of  the  time  required  for  the  loteral  i.iertia  effects  to  dissipate  gave  a  ror>ge  cf  0.1  to  0.4  msec. 
The  actual  recorded  deco>  times  ^or  the  stress  peak  were  oround  0.4  nsec. 


locking  Mnteriols 

Vhe  concept  of  a  'locking  material"  hos  been  applied  to  plastic  wave  propogotion  in  moterlals.  Ideol  locking 
materials  were  Introduced  by  Proger  (19,20)  who  considered  the  material  to  have  properties  such  thot  beyond  a  certain 
strain,  strer;  increoM  occurred  withoi't  further  increase  in  stroin.  Examples  of  ideolized  locking  materinis  are  shown 
in  Figure  12. 
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Fig,  12  Ideolized  locking  MffJeriols 
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Salvador!,  Skalak  and  V,  idlinger  (,21,22) 
have  developed  equations  for  the  propogafion  of  waves 
and  sfiocks  in  locking  and  dissipative  medic.  The  first 
moteriol  considered  has  the  stress-stroin  characteristics 
shown  in  Figure  13,  For  on  applied  stress  pulse  in 
which  the  peak  stress  is  greater  thon  p^.,.,  supersonic 
sho<"k  waves  will  be  generated,  with  the  materiol 
oheod  of  the  front  beirrg  in  the  undisturbed  state 
(density  =  Pj)  and  the  material  behind  the  front  com- 
pocted  into  o  rigid  body  of  density  P  For  peak 
Stress  between  and  pcn  o  subsonic  compoction 
front  will  develop  preceded  by  on  elostic  precursor. 
Elastic  woves  will  bt  generoted  for  values  of  stress 
below  cTq, 

A  numeric  '  example  's  given  for  an  applied 
pressure  pulse  of  the  torn  U  ; .  >re  14) 


where  P  is  the  r.  m-dimensional  pressure,  '  is 
the  non-dimsnsionai  time  ond  p^  is  peak  applied 
pressure.  The  stress  O'  at  ony  distance  z  from  the 
loaded  surface  will  oiso  decay  exponentially  in  .he 
compacted  region.  In  Figiire  14,  is  the  time  when 
c  has  decoyed  to  and  is  tfie  time  when  CT 
hos  decoyed  to  cr, at  whlc')  fi  .e  compoction  ceases. 

The  pcnition  of  the  vnrVows  fronts  os  a 
fun  jn  of  time  is  sfiown  in  Figure  15  From  the 
results  given  by  the  authors,  the  stre»-time  history  cf 
various  distoncei  from  the  looded  surfoce  hos  been 
coiculafed.  These  curves  ore  shown  in  Figure  16 
In  non-dimensional  form.  At  time  ’  j  ond  elo  -ic 
precursor  of  constant  stress  separates  oui  of  tfie  wcrve 
front  Uovt\Tg  o  decoying  subsonic  wove  5«hind.  The 
step  in  the  stress  pulse  iengther^  until  time  '  ^  of 
which  time  compoction  is  coiT^plete.  After  this  time 
the  system  behoves  os  a  rigid  man  (the  comp  ■'■ted 
loyer)  on  o  semi-infinite  cliatic  medium,  A  definite 
oftenoofion  is  caused  by  non-recove»oble  compoction. 
Throughout  the  propagation,  however,  the  wove  front 
remains  o  shock  front. 

The  second  type  of  medium  considered  by 
Solvodori  ef  ol  (21)  is  chorocterJ  ted  by  the  strMs- 
itroin  diogram  Jn  Figure  ■/.  hifiot  loading  occuts 
olong  the  poft'.  OA,  unlooding  occv-n  aiong  th* 
steeper  line  Ad,  and  ntioovsing  follows  ft**  potb  BAC. 
The  solution  it  coftied  out  for  imoll  stroins  so  tHot  the 
densir,  may  oe  considered  constfint. 

The  loodinp  portion  of  any  wove  in  such  c 
moterio!  will  pnpogolc  without  distortion  ^oilowirtg 
the  twthavicf  expected  in  o  linegr-eiostic  moteriui 
with  o  velocity  c^  -  \  Iff  0  .  The  onlooding 
portion  pf  the  wove  will  propogote  of  a  velocity 
cj  -  p  p  The  particle  velocity  and  stieis 
also  obey  the  elosHc  w-ove  equotioni  become  the 
onlooding  stms-stroin  curve  is  lineor.  However,  dls- 
ploccment  and  iiroin  are  not  governed  by  this  equot>on 
becoute  the  ttmt-ilroin  curve  is  offset  from  the  origin. 
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Fig.  13  lineor-Plostic-Rigid  Locking 
Materiol  (21) 


Fig*  14  Applied  Pressure  Pulse  (21) 
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Fig.  15  Posi.tion  of  Waves  in  Locking  Moferiol  (21) 
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Fig.  16  Waves  in  Locking  Material  Under  Exponentially 
Decaying  Load  (21) 


Fig.  17  Stress-Strain  Diagram  for 
Dissipative  Media  (21) 
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Since  v/eiocity  is  greater  than  the  unloading  wove 
will  overtoke  the  loadir^  wave,  mere  will  thus  be  o 
continuous  reflection  process  eoch  time  two  such  woves 

meet. 

A  nunsericol  exompie  was  calculated  for  the 
case  of  o  surface  pressure  with  an  instantaneous  rise 
and  on  exponential  docc/  \/ith  time.  The  variation 
with  time  ot  the  peok  stress  at  the  traveling  wove  front 
is  given  in  Figure  18  for  the  three  cases:  1)  unlooding 
modulus  cquol  to  loading  modulus,  i.e.,  elostic 
behavior,  2)  unlooding  modulus  equal  to  twice  the 
looding  irtodulus,  i.e.,  partial  elastic  recovery,  and 
3)  infinite  unloading  modulus,  i.e.,  no  elastic 
recovery . 

The  stress  wove  (in  this  case  a  shock  wave) 
propagates  with  the  some  general  shape  in  all  cases, 
i.e.,  instantaneous  rise  and  exponential  decay.  For 
the  elastic  cose  there  is  no  attenuation  for  the  peak 
stress.  For  the  inelastic  cases  appreciable 
attenuotion  occurs,  increasing  with  increasing 
unloading  modulus,  until  eventually  the  geneioted  stress 
wave  is  completely  absorbed.  The  materiel  through  which 
this  wove  has  propagated  is  thus  called  c  dissipative 
medium. 

Skalak  and  Weidlinger  (22)  have  extended  their 
previous  work  on  one-dimensional  wove  propagation  to  the 
case  of  a  bilinear  material  subjected  to  an  exponent'ally 
decaying  pressure  pulse  on  its  free  surface.  This  problem 
con  be  solved  by  the  method  of  charocteristics.  The 
stress-strain  diagram  for  this  material  is  shown  in 
Figure  19.  Up  to  stress  the  material  compacts, 
exhibiting  on  increased  modulus,  and  it  unloads  along  this 
steeper  path.  As  the  modulus  of  the  compaction  portion 
of  the  stress-strain  diogram  increases,  this  material  become 
a  locking  medium.  The  results  of  this  analysis  are  similar 
to  those  given  for  the  previous  examples.  Increasing  the 
nrodulus  of  the  compaction  portion  of  the  stress-strain  curve 
relative  to  the  elastic  portion  results  In  a  greater 
attenuation  of  peak  stress  and  particle  velocity. 

General  Nonlinear,  Inelastic  Materials 


Fig.  18  Attenuation  of  Peak  Stress  at  Wove  Front 
for  Dissipative  Materials  (21) 


Strain,  i 


Fig.  19  Bilineor  Stress-Strain  Diagram  (22) 


’’he  general  solution  for  wave  propagation  in 

nonlinear,  inelastic  materials  cannot  be  solved  by  the  method  of  characteristics  because  of  the  indeterminacy  at  points 
where  loading  and  unloading  waves  meet.  Heierii  (23,24)  has  developed  an  alternative  approach  for  one -dimensional 
problems  which  may  be  used  with  arbitrary  applied  pressure  pulses,  stress-strain  characteristics  and  boundary  conditions, 
This  approach,  which  moy  be  called  "method  of  impulses,"  involves  dividing  the  applied  pressure  pulse  into  a  finite 
number  of  steps  containing  a  certain  amount  of  impulse. 

The  method  of  deriving  the  equations  of  conservation  of  mass  ond  momentum  for  o  region  of  the  material  acted 
on  by  0  '‘ep  change  in  pressure  is  shown  in  Figure  20.  The  step  change  in  stress  is  which  moves  from  position 

X  to  x  +  £,x  in  tlme/^t.  The  particle  velocities  before  and  after  the  change  are  Uj  ond  Uj^j  respectively.  The 
Eulerian  coordinate  system  is  used  which  means  that  the  position  x  is  ottached  to  the  moving  particle. 

From  the  condition  of  conservation  of  moss  the  following  equation  is  obtained: 


(12) 


From  conservotion  of  momentum 

Ap..,At..i  =  p.Ax.  ,Au.  ,  (13) 

1+1  1+1  I  1+1  1+1 
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where  p  .  is  the  mass  density.  The  stress-strain  relationship  is  given  by 

where  Tj^j  '»  the  secant  modulus  or  slope  of  that  portion  of  the  stress-strain  diagram  exteneing  from  pj  to  ^pj^l . 
Combining  Eq.  12  and  14  to  eliminate  Ac  j^j  gives 


i+1  'i+l 


Now  the  absolute  velocity  of  the  step  impulse  is  the  quantity  in  parentheses  which  will  be  denoted  cl+1  •  Combining 

Eq.  13  and  15  to  eliminate  A  u.  ,  und  solving  for  cl  ,  gives 
^  1+1  1+1 


VT  ;  ' 

u  .  T.  , 

1  1+1 

T-  “pT  ' 


where 


the  t  signs  designate  waves  traveling  in  the  positive  and  negative  directions  respectively.  If  it  can  be  assumed  that  Uj 
is  small  with  respect  to  Tj+j/p  ;  so  that  u^j  can  be  neglected  with  respect  to  Tj^^/p .  the  equation  reduces  to 

‘U.-T-Vp-  * -Vtt 

Finally  from  Eq.  13  an  expression  for  u.^^  may  be  obtained  in  terms  of  known  quantities; 


-u.  ./u^  T.  , 

^i  “f  -V-r  ^ 


which  may  be  simplified  when  u  .  «  T.^^/ p  .  to 


Using  Eq.  16  and  18  or  the  simplified  versions  17  and  19,  the  loading  and  unloading  waves  can  be  evaluated  in  nonlineo. 
homogeneous  material. 

Because  the  velocity  of  the  unloading  waves  is  greater  than  the  velocity  of  the  loading  waves  the  two  will 
eventually  meet  causing  an  impact  which  will  generate  a  subsequent  reflection  (Figure  21).  The  changes  which  occur 
in  this  situation  must  also  be  evaluated.  After  impact  the  stresses  and  particle  velocities  in  the  region  between  the 
reflected  waves  (shaded  area  in  Figure  21)  must  be  equal.  The  procedure  for  calculating  the  proper  stress  and  particle 
velocity  is  as  follows: 

1 .  Assume  values  of  Apj+j  above  and  below  the  impoct  point  which  satisfy  the  condition  that  the  total 
stresses  ore  equal. 

2.  From  the  stress-strain  diagram  determine  Tj+j  above  and  below. 

3.  Compute  Au;^.]  above  and  below  and  from  these  values  determine  the  total  particle  velocity 
above  and  below. 

4.  Continue  this  process  by  iteration  until  the  equolity  of  stresses  ond  particle  velocities  is 
sotisfied  with  sufficient  accuracy. 

It  should  be  noted  that  a  nonhomogeneity  has  been  generated  at  the  point  of  impact  because  the  stress-strain 
history  of  the  material  above  and  below  this  point  is  different.  Subsequent  waves  may  be  reflected  and  refracted  from 
this  surface.  Such  occurrences  can  be  handled  in  the  same  manner  as  the  impacting  of  two  waves. 

Another  situation  of  interest  is  the  reflection  of  waves  from  boundaries  in  the  material.  If  the  boundary 
conditions  can  be  prescribed  in  terms  of  either  stress  or  particle  velocity  then  the  some  method  may  be  used  for  analyzing 
this  condition  as  is  used  for  the  impacting  of  loading  and  unlooding  waves. 

Although  the  procedure  described  above  may  be  time-consuming  to  carry  out,  especially  if  small  time  intervals 
are  required  for  rhe  impulse  steps,  the  procedure  is  straight  forword  and  is  suited  to  a  wide  variety  of  one-dimeruionol 
problems.  A  number  of  examples  were  giren  by  Heierli  to  demonstrate  the  application  and  suitability  of  the  method. 
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DESCRIPTION  OF  EXPERIMENTS 


Soil 

A  uniformly  graded,  dry  Ottawa  sand  was  chosen  as  the  soil  to  be  investigated  in  the  wave  propagation 
experiments.  The  pcrticles  were  generally  well  rounded  and  lie  within  the  range  of  20  to  40  mesh.  The  relationship 
between  the  relative  density  (D^),  void  ratio  (e),  porosity  (n)  and  specimen  density  is  given  in  Figure  22.  The  values 
of  maximum  static  deviator  stress  obtained  from  triaxial  tests  are  shown  in  Figure  23  as  a  function  of  specimen  density 
and  confining  pressure. 

For  several  triaxial  specimens  a  deviotor  stress  equal  to  opproximotely  1/2  of  the  maximum  value  for  the 
existing  confining  pressure  ond  density  was  applied  and  removed  severol  times  in  succession  and  then  the  specimen  loaded 
to  failure.  Two  moduli  of  deformation  were  determined  for  each  cycle:  the  initial  tangent  modulus  and  the  secant  modulus. 
The  secant  modulus  has  been  taken  as  the  slope  of  the  line  connecting  the  end  points  of  each  cycle.  The  values  obtained 
are  shown  in  Figure  24.  In  general  both  moduli  tend  to  increase  under  repeoted  loading  with  by  far  the  most  significant 
change  occurring  between  the  first  and  second  cycles. 


Pendulum 

Pendulum  impact  apparatus 
wos  constructed  for  use  in  stress  gouge 
calibration  as  well  as  for  obtaining 
information  on  the  dynamic  stress- 
strain  and  strength  characteristics 
of  the  sand  (25) .  The  apparatus 
(Figure  25)  basically  consisted  of  a 
steel  reaction  pendulum  with  soil 
specimen  attached  and  o  second 
steel  pendulum  for  impacting  the 
specimen.  The  specimen  was  either 
4  or  8  in.  long  and  2.8  in.  in 
diameter.  The  sand  was  contained 
in  a  thin  rubber  membrane  and 
laterally  constrained  by  a  vacuum 
applied  to  the  pores. 

In  operation  the  pendulums 
were  first  lined  up  at  the  bottom  of 
their  swing  with  the  specimen 
between  them.  The  impact  pendulum 
was  then  pulled  bock  to  a  predeter¬ 
mined  height  and  then  released  to 
strike  the  specimen.  The 
acceleration  of  the  two  pendulums 
was  recorded  throughout  the  duration 
of  impact.  Since  the  masses  of  the 
pendulums  were  accurately  known, 
the  average  stress  over  the  ends  of 
the  specimen  could  be  computed 
using  the  products  of  the  pendulum 
mass  per  unit  cross  sectional  area 
and  its  acceleration.  Since  the 
impacting  pendulum  was  free- 
swinging  prior  to  impact  the  impact 
velocity  could  be  readily  calculated 
from  the  initial  height  of  the 
pendulum. 


Fig.  21  Propagation  of  Unloading  Waves  (23) 
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Wave  Propagation 

A  schematic  diagram  of  the  opporatus  for  the  shock  wave  experiments  is  shown  in  Figure  26.  An  air  shock 
tube  was  used  to  apply  a  controlled  dynamic  load  to  the  end  of  the  soil  column.  The  induced  shock  wave  in  the  soil 
traveled  down  the  soil  column  and  was  recorded  at  several  points  by  means  of  embedded  stress  gauges.  There  were  two 
important  advantages  of  the  shock  tube  loading:  1)  it  provided  a  dynamic  loading  with  essentially  zero  rise  time,  and 
2)  it  gave  a  reproducible  load  which  was  independent  of  specimen  response. 

The  sond  specimen  was  64  in.  long  and  2.8  in.  in  diameter.  It  was  mounted  horizontally  outside  of  the  shock 
tube  with  one  end  extending  into  a  2.8  in.  diameter  hole  in  the  tube.  This  column  was  covered  on  the  sides  and  on  the 
impact  end  by  a  thin  rubber  membrane  and  constrained  by  applying  a  vacuum  to  the  voids.  The  sand  was  separated  from 
the  air  in  the  shock  tube  by  tw.->  0.008-in. -thick  rubber  sheets  with  o  thin  fabric  reinforcement  between  them.  There 
was  erioogh  slack  in  the  materiol  to  provide  at  least  a  1/4-in.  axial  movement  of  the  end  of  the  specimen  with  no 
restraint  from  the  membrane. 

The  specimen  was  supported  along  its  length  by  flexible  straps  (Figure  27).  A  rigid  support  block  was  positioned 
at  the  reaction  end  of  the  specimen  against  the  end  cap  and  the  two  were  bolted  together.  The  hydrostatic  pressure  con¬ 
fining  the  entire  sand  column  wos  controlled  by  the  vacuum  level  in  the  voids  of  the  sand  applied  through  the  end  cap. 

A  pressure  gauge  was  located  at  the  impact  end  of  the  specimen  to  record  the  pressure-time  history  of  the  reflected 
shock  wove  which  iooded  the  specimen. 

The  stress  gauges  used  in  this  test  series  were  constructed  from  1/1 6-in. -thick  by  1/2-in. -diometer  peizo- 
electric  disks  surrounded  by  a  steel  edge  ring  (26).  In  order  to  provide  accurate  stress  measurements  the  gauges  were 
calibrated  in  the  shock  tube  specimens  after  the  specimens  were  in  position  for  the  dynamic  tests.  The  colibrotion 
values  (psi/mv)  obtained  in  this  manner  represented  the  existing  embedded  sensitivity  of  the  gouge  at  low  stress  levels 
(relative  to  the  strength  of  the  specimen)  as  influenced  by  such  variables  as  confining  pressure,  density  ar>d  placement 
conditiorts.  These  calibration  values  were  then  used  to  adjust  the  non-linear  calibration  curves  obtained  with  the 
pendulum  apparatus  which  covered  the  stress  levels  up  to  specimen  failure. 
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Fig.  22  Relative  Density,  Void  Ratio  ond  Porosity  Vs.  Specimen 
Density  for  Dry  Ottawa  Sand  (20-40  Mesh). 
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Tests  were  conducted  on  specimens  representing  a  range  of  confining  pressures  ond  densities.  The  applied 
air  shock  looding  was  varied  both  in  magnitude  and  duration.  Each  specimen  was  subjected  to  multiple  impacts  with  a 
variation  in  magnitude  of  both  peak  shock  pressure  and  confining  pressure.  The  confining  pressure  was  adjusted  to  the 
desired  value  prior  to  each  impact  by  regulating  the  vacuum  in  the  voicb  of  the  specimen.  It  is  expected  that  some  change 
in  density  and  stress-strain  characteristics  took  place  with  each  impoct.  After  the  first  loading  the  specimen  density  was 
not  accurately  known  because  there  was  no  sufficiently  accurote  method  available  for  measuring  this  change.  All  of  the 
test  results  therefore  were  correlated  with  the  initial  specimen  density. 

SUMMARY  OF  EXPERIMENTAL  RESULTS 


Pendulum  Experiments 

The  Initial  peak  and  ultimate  stresses  obtained  in  the  pendulum  tests  were  compared  with  the  static  strength 
of  the  same  specimens.  There  was  definite  evidence  that  dynamic  stresses  exceeding  the  static  strength  can  be  developed 


Fig.  23  Variation  of  Static  Strength  with  Density  at  Comtont  Confining  Pressure. 
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in  the  sand,  However,  except  for  the  initiol  peak  stresses  at  the  impact  end,  the  increases  when  they  occurred  averaged 
only  12  percent.  The  initial  peak  stresses,  however,  exceeded  the  static  strength  by  up  to  125  percent.  This  increase 
is  attributed  to  lateral  inertia  and  frictional  restraint  on  the  end  of  the  specimen. 

The  dynamic  stress-strain  choracteristics  obtained  from  the  pendulum  tests  were  essentially  the  same  as  those 
from  static  triaxial  tests,  although  there  was  some  indication  of  lateral  inertia  and  viscous  effects.  The  increase  in  stress 
for  a  given  strain  ranged  from  zero  to  25  percent. 

Wave  Propagation  Experiments 

The  oscilloscope  records  from  stress  gauges  positioned  at  various  cross  sections  along  the  specimen  show  the 
general  characteristics  of  the  Incident  and  reflected  stress  wave.  Quonrative  information  obtained  from  these  records 
consisted  of  1)  the  wave  propagation  velocity,  2)  peok  stress  attenuation,  and  3)  change  in  slope  of  the  shock  front. 

Specimen  density,  confining  pressure  and  magnitude  and  duration  of  applied  shock  loading  all  effect  the 
characteristics  of  the  stress  wave  Induced  in  the  sand.  The  general  nature  of  this  wave  and  the  effect  of  these  foctors 
are  illustrated  in  Figures  28,  29,  30  artd  31  by  typical  oscilloscope  records  from  the  test  series.  These  records  actually 


Fig.  24  Variation  of  Tangent  and  Secant  Moduli  with  Repeated  Load. 
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Fig.  25  Schematic  of  Pendulum  Apparatus 


Shock  Tube:  7  Sections  @36  in.  per  Section 


I  I  Specimen:  64  in. 


Inner  Tube 


msmm 


Driver  Section  | 

(shaded  area  tilled 
with  wood  blocks  tor 
short  duration  pulse) 


BIRiSVSIRIUSI 


Trigger 

Amplifier 


Blanking 

Device 


iges^ 


Leads  to  Oscilloscope 


(  I 


Sectio.u  A-A 


To  - 
Cages' 


@  &  ©1 


Tektronix  502  Dual 
Beam  Oscilloscopes 


I _ I  Vacuum 

Pump 

Vccumulator 


Vacuum 

Manometer 


Fig.  26  Schematic  of  Shock  Tube  Apparatus 
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represent  millivolt  gouge  response  os  o  fufKtion  of  time.  Because  the  gouge  calibration  (mv/psi)  is  rx>n-lir>ear  the  true 
stress  pulse  has  o  somewhat  different  sh  ■  e  than  the  oscilloscope  records.  The  'higher  millivolt  readings  represent  lest 
stress  per  millivolt  than  the  lower  readings.  Thus  the  peaks  of  H^e  records  will  be  flattened  out  when  converted  to  stress. 

The  observed  propogatirtg  waves  in  the  sand  ore  compared  in  Figure  28  for  several  different  densities  ono 
confining  pressures  where  the  specimen  were  loaded  with  the  same  shock  pulse.  (These  hove  been  traced  dirc:.riy  from 
the  oscilloscope  photographic  records,  thus  the  vertical  scale  for  eoch  record  varies  depending  upon  the  gouge  coiibiotion.) 
The  spike  at  the  end  of  the  applied  air  shock  pulse  is  caused  by  a  reflection  phenomenon  .  ,ide  the  shock  tube.  Since  it 
does  not  represent  o  significant  impulse  ond  since  it  provides  a  convenient  reference  point  on  the  wove  form  the  shock 
tube  was  not  modified  to  eliminate  it. 

Two  important  characteristics  of  the  propagating  wave  may  be  observed  in  these  records:  I)  change  in  shape 
of  the  wave  front  and  2)  superposition  of  the  incident  and  reflected  woves.  A  bersdirsg  over  of  the  incident  wave  front 
is  clearly  evident  as  the  wave  traverses  the  specimen.  This  distortion  increased  with  a  decrease  in  density  and  con''inir>g 
pressure  for  any  given  position  along  the  soil  column.  The  superposition  of  the  reflected  wave  on  the  incident  wave  moy 
also  be  seen  at  gouge  positions  along  the  specimen.  This  reflected  wove  hos  on  increosirtgly  greater  significance  with 
respect  to  the  total  wave  form  os  the  reflection  boursdary  is  approached.  In  the  lost  record  of  eoch  sequence  tht  two 
waves  are  completely  merged  and  form  a  single  peak. 

In  Figure  29  the  peak  applied  shock  pressure  was  approximately  equal  to  the  static  strength  of  the  specimen. 

This  resulted  in  on  appreciable  roursdirsg  of  the  wove  front,  increase  in  wave  length  and  ottenuotion  of  peak  stress. 
Furthermore,  the  reflected  wave  was  not  very  pronounced. 

In  Figure  30  the  magnitude  of  the  peak  shock  pressure  wos  approximotely  70  percent  of  the  static  strength  and 
the  duration  was  much  longer  than  in  the  previous  test.  The  peak  stress  attenuation  was  at  most  16  percent  olthough 
there  was  still  o  significant  roursding  of  the  wave  front.  The  incident  and  reflected  woves  were  not  very  distinct  ond 
the  peak  point  was  not  as  sharp  owing  to  the  longer  peak  duration  of  the  loading  pulse. 

In  Figure  31 ,  the  magnitude  of  the  applied  peak  air  shock  pressure  was  only  20  percent  of  the  sirersgth  of  the 
specimen.  In  this  case  there  woi  no  significant  attenuation  of  the  peak  stress,  although  there  was  some  decreose  in 
the  slope  of  the  wave  front.  The  reflected  wave  was  clearly  distinct  and  moy  be  seen  mergirsg  with  the  incident 
wove  as  the  end  of  the  specimen  is  approached. 

Typical  measurements  of  peak  stress  variation  olorsg  the  lertgth  of  the  specimen  are  shown  in  Figure  32.  These 
curves  show  that  the  amount  of  stress  ottenuotion  increased  with  an  irKrease  in  peok  applied  shock  pressure  for  a 
constant  confining  pressure.  In  most  cases  the  peak  stress  first  decreased  with  distance  along  the  specimen,  reoching 
a  minimum  near  the  middle  of  the  specimen  and  then  increased  as  the  reaction  end  was  approached.  The  increase 
in  stress  toward  the  reaction  end  was  due  to  the  superimposing  of  the  reflected  wove  upon  me  peak  of  the  incident  wave. 

In  several  tests  the  peak,  applied  pressure  exceeded  the  static  strength  of  the  sand.  In  oil  such  coses  the  streu 
had  decayed  below  the  static  strength  before  reaching  the  first  embedded  gouge  position.  This  required  50  percent 
attenuation  in  one  case.  Thus,  no  values  of  stress  greater  than  the  static  strersgth,  corresponding  to  the  sxistirtg 
confining  pressure  and  demity,  were  recorded  by  any  of  the  embedded  gauges. 

As  artother  indication  of  the  charsge 
in  shape  of  the  traveling  streu  wave  the 
overoge  slope  of  the  wave  front  (psi/msec)  was 
determined  for  a  rtumber  of  tests.  This  average 
rate  of  streu  rise  has  been  determined  by 
dividing  the  peak  stress  by  the  time  interval 
from  the  beginnirsg  of  the  rise  to  the  peak.  In 
morty  coses  the  wove  front  was  appreciobly 
curved;  in  these  coses  the  initial  rote  of  rise 
was  much  greater  than  the  overoge  rate. 

Typical  results  ore  plotted  in 
Figure  33  os  o  furvetion  of  distarsce  along  the 
specimen.  The  slope  attenuated  with  distorsce 
at  0  decreasing  rote— very  rapidly  in  the  first 
few  inches  sirKe  the  applied  air  shock  hod 
euentiolly  on  infinite  slope.  At  any  given 
distonce  along  the  specimen  the  slope  was 
less  the  greater  the  peak  applied  pressure, 
oil  other  conditions  beirsg  opproximotely 
the  same. 

Fig,  27  Specimen  in  Position  for  Test 
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(a)  High  Density,  (b)  Low  Density  (c)  Low  Density, 

High  Confinement  High  Confinement  Low  Confinement 


Fig .  28  Typical  Sliock  Wove  Records 
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a)  X  =  0  in.  ,  a  =  19. 3  psi 
max  ^ 

x“8in.,a  =15.4psi 
max 


b)  X  -  16in.,  cr  =  14.8psi 

’  max  ^ 

x-Z4in..a  -13.4psi 

max 


c)  x  =  32  in .  ,  O'  -  12  .  1  psi 
max  ^ 

x  -  48  in .  ,  a  1 1 . 0  psi 

max 


d)  x  -  56  in.,  a  -  10.9  psi 
max  ^ 

X  64  in.  ,  cr  16. 4  psi 

max 


Fig,  29  Observed  Stress  Waves  for  Test  1 1-3 
(Vq  "  lll.Opcf,  =  7.5  psi) 
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a)  X  =  0  in  ,  0-  -  12  6  psi  b)  x  -  16  in.  ,  tr  -  10.  6  psi 

'  ’  max  max 

X  =  8  in.  ,  a  =11.6  psi  x  =  24  in.  ,  o  =10.6  psi 

’  max  max 


c)  x  -  32  in.  ,  ff  -  11.3  psi 

'  ’  max 

X  =  40  m.  ,  O'  =  11.4  pjii 

’  max 


d)  X  =  48  in  .  0-  13, 0  psi 

'  max 

x  =  56in.,ff  -14.4  psi 
max 


Fig.  30  Observed  Strew  Waves  for  Test  7-4 
=  107.5  pcf,  -  7.5  psi) 
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aavE  propagation 


a)  X  -  0  in. ,  <T  -  4.  6  psi 
max 


b)  X  =  16  in. ,  cr  =4.7  psi 
max 

X  =  24  in.  ,  (T  =  4.  8  psi 
max 


c)  x  =  32  in.  ,  <r  =4.8  psi 
'  max 

X  =  48  in.  ,  cr  =  4.  1  psi 
max 


d)  X  =  56  in. ,  a  =  4.  1  psi 
'  max 

X  =  64  in. .  <r  =  4.  4  psi 
max  ^ 


Fig.  31  Ob»erv«d  Strtu  Wovw  for  T*»f  1 1-5 

(y  =  ni.Opcf,  O'-  =  7.5  ciil 
o  J 
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’•»  .r  -K  *  -.»■  r  ot)Ciqc*!or!  *05  Jetemned  fof  ecit^-'  f«t  by  oloHing  tbe  tir^e  o‘  »^ve  arrival  of 

eoc*-  gouo*  ai  -  ‘.■'>'  .,3,-  :>•  xJ‘j9*  poii^'or'  Actorc»e  '^^eolurem^rif  of  art  -ol  rime  was  rTvade  from  the  oscilloscope 
ecorch  lysmg  o  Dlaok  itv^  o*jKe  s  oerimposeti  opon  all  cfxsnneis  simuitoneously  to  provide  a  common  reference  time, 
typical  time  of  arrival  oiots  are  sKown  in  Figure  i4 ,  These  plots  are  lir  *0-,  hence  the  velocity  wos  constant  along  the 
length  of  the  specimen.  The  two  variables  effecting  the  velocity  are  confining  pressure  and  derwity  A  significant 
increose  in  velocity  with  on  Increase  in  both  of  these  parameters  was  observed. 

The  following  ccMtcluvions  were  drown  from  the  wave  propagation  experiments: 

1  .  The  wave  propogation  velocity  was  constant  along  the  length  of  the  specimen  and  the  average  velocity 
varied  less  than  14  percent  for  ony  combination  of  confining  pressure  and  density,  regardless  of  the 
stress  history. 

2.  The  experimental  values  of  wave  velocity  based  upon  time  of  arrival  measurements  correlated  well 
with  values  obtained  by  other  investigators  using  resonance  techniques.  The  values  were  much  higher 
than  those  calculated  using  the  initial  tangent  modulus  from  conventiorxal  triaxial  tests  except  after 
many  repeated  load  cycles. 

3.  The  least  change  in  shape  of  the  propagating  wave  occurred  for  the  highest  density,  highest  confining 
pressure,  smallest  applied  shock  pressure,  arid  longest  duration  of  peak  pressure  and  vice  versa. 

4.  A  reflected  wave  was  present  in  all  cases.  It  was  most  distinct  from  the  incident  wove  and  had  the 
greatest  magnitude  for  those  conditioru  which  erected  the  least  wave  distortion,  i.e.,  the  more 
elastic  cases. 

5.  The  general  character  of  wave  distortion  was  a  lengthening  of  the  period  ond  a  bending  over 
of  the  front. 


Fig.  32  Variation  of  Peak  Stress  Alor«g  Medium  Demiiy  Specimen 
for  5  Psi  Confining  Pressure. 


A  A  ,  f 


6.  p*<jk  s^reu  oUe-ijotior  *’■«•  .♦  '*•  *  v:r  i  t^ne'  n  ;  j  (•')•  pr«>si^.re 

woj  iocreojed  •vlf^  respect  to  the  spe-.i-^e^  ..tre^-jt*-  one!  t,  f'-e  peo*  stress  j.AotpcK’  o*  the  oDpiied 
shock  poise  d«creo>ed, 

7.  Values  of  stress  exceeding  the  static  strength  of  the  specinsen  eere  not  recorded  eight  Inches  fron-. 
the  looded  end  when  the  peak  shock  pressure  was  greater  thon  the  strength. 

8.  The  overoge  rote  of  stress  rise  at  the  wave  front  decreosed  rapidly  os  the  s-.avo  traveled  olong  the 
specimen.  Most  of  the  reduction  occurred  in  the  first  severol  inches. 

9.  This  wove  front  attenuation  increased  os  the  peak  shock  pressure  increased  with  respect  to  the 
specimen  strength  and  as  the  duration  of  the  peak  pressure  decreosed. 

CONCLUSIONS  REGARDING  WAVE  PROPAGATION 

The  basic  theoretical  approaches  for  wave  propagation  analysis  hove  been  discussed.  These  are  the  elastic, 
viscoelastic,  plastic,  strain-rate  and  non-linear  inelastic  theories.  It  is  important  to  recognize  that  the  essential 
differences  between  these  various  approoches  are  the  assumptions  regording  the  stress -strain  characteristics  of  the  soil. 

A  comparison  of  theoretical  predictions  with  the  experimental  results  will  therefore  help  to  establish  the  true  dynamic 
stress-strain  behavior  of  the  soil  as  well  as  help  to  interpret  the  observed  wove  phenomena. 

The  elastic  approach  is  commonly  used  as  a  bosis  for  comparison  with  other  theories;  however,  it  is  clearly 
not  adequate  for  explaining  the  observed  wave  propagation  behavior.  It  does  not  provide  an  energy  dissipation  mechanism 


Fig.  33  Attenuation  of  Shock  Front  for  Short  Duration  Pulse  in 
Medium  Density  Specimen. 


53 


3r  J  .'-■nr.gf  i.Hap<?  'Jf'  3  T'lO-  *  ifr«»  *  -•■•. 

!•>€  .  licoeicwti:.  3ppr’:>'>  *'  prov.  i#  ,  jiistpo* > ar  ir  :  jU.j  rei  M  ;  -“-t.  j’  '*'»  [,eo»  sfreni  3'^  : 

c^ooge  I'"  f^e  *cive  »^ape  'j  jri-vy  f  ropogatior  .  B.*  .‘■□fvj#  i--  s^op*,  3’  »!?•-  iK'ecr  .iicoeiajfi-  -xsdei,  i\  -ot 

like  fhat  obierved  in  ffie  experlnienti ,  PurtKetniore ,  f^e  viicoei'jstic  *ove  .eioclf,  increases  ^itn  rafe  af  Icxxjing. 
principal  reason  for  tbe  discrepanc,  -n^st  be  tbe  difference  between  fbe  viscoelastic  and  actual  stress-strain  response. 

Both  exhibit  hysteresis,  but  the  strain  is  recovered  in  the  viscoelostic  cose  (Fiyure  8).  Hence,  although  viscous-t,pe 
effects  have  been  observed  in  sand,  this  approoch  is  not  odequofe  by  itself  for  exploining  rhe  observed  behovior. 

The  plastic  approach  to  wave  propogotion  assurnes  a  decrease  in  velocity  of  stress  increments  for  negative  stress- 
strain  curvatore  (concave  downward)  os  the  stiess  level  increases.  This  results  in  a  spreading  out  of  the  wave  front  as  it 
propagates.  If  inelastic  recovery  is  included  in  this  plastic  model,  then  energy  dissipation  and  stress  attenuation  will 
occur  and  the  general  chonge  in  wave  form  observed  in  the  experiments  will  be  predicted.  Shocks  con  only  be  propogoted 
with  positive  stress-strain  curvature;  hence,  stress  woves  rother  then  shock  woves  would  be  predicted  for  the  described 
experiments. 

The  octuol  stress-strain  response  of  the  sand  specimens  used  in  the  experiments  was  unquestionably  nonlineor  and 
exhibited  inelastic  recovery.  Therefore,  a  theory  which  does  not  incorporate  these  effects  connot  be  expected  to  correctly 
predict  the  wave  propagation  behovior.  The  elastic  and  plastic  theories  are  in  reality  speciol  cases  of  this  more  general 
approach.  However,  strain  rate  effects  were  also  required  in  order  to  consistently  explain  the  observed  relationships 
between  the  static  stress-strain  curve,  the  wave  velocity  and  the  wove  shape. 

It  was  observed  that  the  wave  velocities  computed  from  tfie  static  triaxial  tests  on  the  first  looding  of  the 
specimen  were  much  lower  than  the  measured  wave  velocities.  The  computed  v»iocitie$  based  upon  the  tangent  modulus 
for  specimens  subjected  to  several  previous  load  cycles  approached  the  measu.ed  velocities.  The  octuol  wove  velocities, 
however,  varied  lass  then  14  percent  for  any  given  confining  pressure  ond  density  regordless  of  the  stress  history  of  the 
specimen.  The  supposition  of  a  high  tangent  modulus  which  exists  only  at  very  low  stresses  cannot  satisfactorily  explain 
the  discrepnnry^  becouse  the  prop<^ating  wove  would  iiove  to  hove  on  elastic  precursor  or  an  initial  reversed  curvature. 
Neither  of  these  were  observed  in  the  experiments.  Stroin  rote  effects  were  therefore  assumed  to  be  present. 

In  the  pendulum  tests,  dynomic  stresses  at  the  impact  end  were  observed  to  exceed  the  static  strength  by  up  to 
125  percent.  If  these  are  attributed  solely  to  lateral  inertia  then  the  effective  increase  in  confining  pressure  would  be 
about  the  same  percent.  Based  upon  the  theories  of  granular  mechanics  this  wnsild  only  increase  the  wave  velocity  by 
12  percent.  These  excess  stresses  were  observed  in  the  pendulum  tests  only  about  as  for  as  one  inch  from  the  impoct  end. 


Fig,  34  Typical  Shock  Wove  Time  of  Arrivol  Data. 


54 


r','- ‘■er'Zf  ;>  i '1  'xi  ^  .a  ■v^' ;  •  ■  ■  »  ■  ■  .  •  -  ■  ./  ■  -  -  ■  »  ,  *■  ■.  ■ 

(■•ceedcrt  sfrerx^f*-  o*  »' »•  *■»  i.  -.•-•i.-  ■  >\  •  •  >«■  •■•:  --*■•  r- 

reoc^ilng  the  fint  gouge  '.tjtior  Jf  4  Ii  ’r  '  ’>•»•  "i.  <>  J’<»'  ;  er*,  : 

,ignifican^ly  effect  tfie  wave  veiocit,  "leoi  re  '^''•5. 

In  order  to  illustrate  tfie  reasonobier  ess  of  f^e  ''■omineoi,  i'tei  jstl,.  f^  euir,,  .  ,!orr>''s  were  .urriea  o-.t  »or 

of  the  experiments  osinq  the  ■  ethod  of  impulses.  In  this  specific  case  the  peax  applied  snoc.^  cressure  was  appro i -nofe i , 
35  percent  greater  then  'he  static  specimen  strength,  for  the  coir  laticw'ss  a  triong jlor  iooding  pulse  was  fitted  to  the 
octuol  pulse  Such  as  to  maintain  the  same  peox  pressure  ana  total  impulse.  The  assumed  stress-strain  curve  was  obtained 
from  the  triaxial  test  after  several  repeated  lood  c/cles  similar  to  those  experienced  b,  the  long  specimen.  To  simplif, 
the  calculations  nil  unloading  and  reloading  stress-strain  moduli  were  ossumea  to  be  constant  and  equal  to  the  initial 
tangent  modulus. 

The  results  from  the  theory  and  experiments  are  compwred  in  Figures  35  and  36.  The  peoh  stress  attenuation  is 
predicted  quite  closely  (Figure  35o).  The  wave  front  attenuotion  is  in  reasonable  agreement  initially  (Figure  35b), 
although  the  calculated  wove  does  net  deform  as  ropidly  as  the  octual  wove.  This  is  substantiated  by  the  compcrison  of 
observed  and  p)redicted  waves  in  Figure  36.  Aithough  the  actual  wave  spread  out  more  quickly  than  the  cakuioteH  wave 
the  general  features  of  the  two  are  the  same.  It  «hould  be  emphasized  thot  the  static  stress-strain  curve  was  used  without 
strain  rate  corrections  to  represent  the  stress-strain  behavior  of  the  sond  during  ir>t  possoge  of  the  stress  wove.  Hence  the 
mojor  factor  influencing  the  theory  was  the  nonlinear,  inelostic  response  of  the  soil. 

To  illustrate  the  influence  of  the  amjor  variables  a  number  of  other  exarnples  were  qlculoted  using  the  method 
of  impulses.  The  assumed  conditions  are  listed  in  Table  1.  The  resultirrg  peak  stress  ottenuations  are  compored  in 
Figures  37  and  38.  The  variables  considered  were  1)  the  reaction  end  condition,  e.g.,  fixed  or  free,  2)  the  shape  of 
applied  air  shock  loading  curve,  3)  specimen  stress-strain  response,  ond  4)  relationship  of  peak  opplied  pressure  to 
specimen  strength. 

The  following  observations  were  mod*  from  these  comparisons; 

1 .  There  is  no  ottenuotion  of  peak  stress  for  the  infinite  duration  pulse,  instead  the  peok  stress  increases 
with  time.  This  increase  is  shown  for  15  and  20  msec  after  orrivol  of  the  wove  front  ot  each  position. 

A  significant  decrease  in  the  'ote  of  stress  rise  does  occur,  but  it  is  the  least  c '  the  five  coses  considered. 

2.  For  coses  I  and  III,  which  ore  identical  except  for  the  end  condition,  the  peak  stress  is  maintained 
for  about  8  in  •  I  Vt  I  I  on  begins  ot  this  point  and  is  the  some  for  both  coses  up  to  40  in.,  ot  which 
^.osition  the  reflected  wave  Influences  the  peok  stress.  Beyond  40  in.  the  peak  stress  increoses  when  the 
reoctior.  end  is  fixed  and  decreoses  to  zero  when  the  reoction  end  is  free.  The  rote  of  stress  rise 
attenuates  iden'ically  for  both  cases  up  to  40  in.,  because  up  to  this  position  the  wave  front  is  not 
aware  of  the  reaction  boundary. 

3.  Attenuation  of  the  peak  stress  increoses  more  rapidly  when  fne  durotion  of  the  applied  shock  pressure  is 
decreased.  Within  the  occui  xy  of  the  computotions,  however,  the  rate  of  stress  rise  is  the  some  os 
that  for  Coses  I  and  III,  because  the  time-to-p«ak  was  correspondingly  dec  eased  by  the  faster  propogo- 
tion  of  the  lower  stresses. 

4.  The  peak  stress  and  wove  front  both  ottenoote  more  'opldly  01  the  specimen  stiffness  is  decreosed. 

5.  The  higher  the  peak  c^piiea  pressure  relative  to  the  specimen  strengtn,  the  greoter  the  attenuotion. 

The  results  of  severol  experiments  in  which  the  parameters  were  timiior  to  those  ossumed  in  the  colculotioni  oie 
superimposed  on  Figure  37,  Test  9-1  was  performed  on  a  specimen  which  hod  not  been  previously  looded.  Th*  results 
of  this  test  agree  best  with  the  calculations  using  o  virgin  stotic  streu-stroin  curve.  The  agreement  would  be  improveo 
for  the  initial  atfermotion  if  the  duration  of  the  ossumed  peok  shock  preuure  were  reduced  from  2  to  I  Tsec,  more  in 
tine  with  thot  existing  in  the  experiment.  Tests  7-4  ond  8-4  were  performed  on  spvscimens  pr*vipusly  foorJed  3  rimes, 
specimen  7  to  0  stress  os  high  01  22.4  psi  ond  specimen  8  to  12.6  psi..  A  greo.er  sf  If  foes*  is  indicofed  by  the  res.lfi, 
more  in  line  with  the  calculations  assuming  a  stiffer  specimen.  The  octurri  bounrkiry  corriitlons  ond  the  shape  of  applied 
shrxk  prsrsvire  pulse  were  closest  to  those  ossumed  by  Crsie  V. 

SUMV-ARV 


The  purpose  of  this  paper  has  been  to  review  the  bo;.i<  cKoroclerivtics  of  stress  wove  propogolion  in  soil .  Th* 
dominont  influence  of  the  soil  ikress-sfroin  behavior  oh  the  nature  of  the  induced  wove  Has  been  vho»n  by  the  voriuus 
wove  propogotion  theories.  Attention  ha  been  primarily  foc^ned  on  soils  whose  stress-strain  characteristics  hov*  nega¬ 
tive  curvoture.  For  this  doss  s>t  problems  the  theories  would  predict  thot  snock  woves  will  not  be  created  c-€  miOf">aine'j 
in  tf>e  soil;  they  wilt  only  exist  for  positive  streu-strssin  cutvakjre. 

Ixperimenfs  were  performed  with  Korizonlol  bors  of  lond  confined  under  constorSt  loteroi  presssne,  o  iitu’  *son 
reprasenfing  negative  itress-stroin  cutvoture.  It  wcn  shown  that  the  significont  feoH/res  of  fh*  obeerved  waves  could  be 
predicted  on  fhe  tx»is  of  the  nontinocr,  inelastic  streu-sh-ain  behavior  of  the  soil  without  the  irsclusion  of  time  depe  -tert 
e'fecti.  Howevstr,  some  strein  rote  effects  were  required  ‘o  exptoin  the  wove  veiccity  results  a  well  m  certain  fee*?  >s 
of  the  wove  shape. 
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Applied  Air  Shock  Loading  Stress -Strain  Curve 


age  Pati.'  of  Stress  Rise,  psi/msec  Peak  Stress,  psi 


WAVE  PROPAGATION 


0  10  20  JO  40  50  60  70 


Distati'  t'  Along  Specif, «n,  in. 
a)  Peak  Stress  Attenuation 


0  10  20  30  40  50  60  70 

Distance  Along  Specimen,  in. 
b)  Shock  Front  Attenuation 


Fig.  35  Stress  Wove  AttenooSon  for  Cose  VIII 
Compo.ed  with  Experiment. 
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Time,  msec 
c)  X  =  24  in. 


Time,  msec 
f)  X  =  56  in. 


Fig.  36  Calculated  Stress  Wave  for  Case  VIII 


Peak  Stress,  psi 


Fig.  37  Calculated  Peak  Stress  Attenuation. 
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Fig.  38  Effect  of  PeaU  Applied  Pressure  on  Stress  Attenuation 
for  Constant  Specimen  Strength 

Further  studies  of  wove  propagation  in  soils  making  use  of  available  anol/tical  tools  and  experimental  techni¬ 
ques  are  to  be  encouraged,  for  they  provide  on  excellent  means  of  extending  the  knowledge  of  actual  soil  stress-strain 
behavior  under  dynamic  loading  as  well  as  information  on  wave  propagation. 
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DYNAMIC  BEHAVIOR  OF  GRANULAR  MEDIA 
by 

James  V .  Zaccor* 


ABSTRACT 

A  program  of  experimental  investigation,  aimed  at  discovering  the  port  played  by  a  soil  medium  in  modifying  on 
impulsive  load  delivered  through  it,  is  described  briefly.  The  initial  studies  and  the  results  reported  were  limited  to 
granular  materials  subjected  to  step  shock  Icodings  in  which  lateral  confinement  was  generated  by  the  applied  axial  over¬ 
pressure  . 

The  main  purpose  of  this  paper  is  to  demonstrate  a  quantitative  relationship,  under  these  conditions,  between 
measured  peak  particle  displacement  and  the  displacement  predicted  from  the  measured  velocity  of  the  front  of  the  nxiin 
stress  wave  and  to  indicate  the  influence  of  initial  stress,  or  initial  effective  confining  pressures,  on  the  <^verpressure- 
strain  relationship. 

The  author  also  calls  attention  to  precursors  propagating  ahead  of  the  main  stress  wave  and  to  the  fact  thot  a 
close  relationship  is  indicated  between  the  precursor  wave  velocities  measured  at  URS  and  Hertzian  or  "seismic"  velocities 
measured  in  the  same  material  ot  The  Massachusetts  Institute  of  Technology.  Further,  it  was  found  that  these  precursor 
velocities  are  quite  significantly  greater  than  the  shock-induced  velocities,  and  that  the  difference  is  dependent  on  both 
the  initial  pressure  and  the  applied  overpressure.  The  significance  of  these  observations  to  design  engineering  is  dis¬ 
cussed. 

Also  of  importance  is  the  presentation  of  information  on  reflection  phenomena  occurring  at  o  rigid  receiver  for 
shock-induced  stress  waves,  and  the  information  that  measured  reflection  factors  exceed  two,  as  should  be  expected  for 
these  materials  under  these  conditions.  Discussions  of  shock  and  reflection  phenomena  in  soil  are  presented  in  the 
appendixes. 

Finally,  attention  is  called  to  current  limited  data  which  appeor  to  correlate  measured  attenutotlon  of  the  peak 
stress,  due  to  interaction  of  loading  and  unloading  waves  for  a  square-wave  input  pulse,  with  hydrodynamic  attenuation 
theory. 


INTRODUCTION 

The  intention  of  this  paper  is  to  present  some  of  the  more  recent  results  of  an  experimental  program,  currently 
in  progress  at  URS,  aimed  at  examining  behavior  of  granular  material  under  dynamic  loading.  The  project  is  sponsored 
by  the  Waterways  Experirrient  Station  (WES)  and  is  a  continuation  of  a  study  started  under  the  sponsonhip  of  The  Defense 
Atomic  Support  Agency  which  had  os  its  objective  development  of  equipment  and  techniques  for  evaluating  dynamic 
behavior  of  soils.  This  paper  is  devoted  to  a  discussion  of  observations  made  in  commection  with  traveling  waves  in  which 
inertial  properties  ploy  o  role. 

Objectives 

because  interest  iri  wove  propagation  stems  moinly  from  o  desire  to  know  the  impulse  delivered  from  a  loading 
source  to  a  receiver,  i.e.,  to  a  structure,  the  experimental  objective  of  the  program  is  to  measure  the  distribution  of 
momentum  and  impulse  (pressure-time)  as  a  function  ot  position  ood  time  along  a  column  for  various  media,  boundary,  and 
loading  conditions.  In  these  studies,  energy  losses  that  occur  will  not  be  of  interest  per  se,  but  in  regard  to  their  effect 
on  partitioning  of  energy  and  redistribution  of  the  total  deliverable  impulse.  Similarly,  other  behavior  processes,  such 
os  relaxation  or  creep,  and  the  degree  to  which  the  lood-unlood  cycle  produces  irreversible  strains,  will  be  of  interest  in 
considering  their  effects  on  redistribution  of  momentum,  i.e.,  potentially  deliverable  impulse.  It  seems  runsonable,  for 
example,  to  expect  that  irreversible  strains  could  significantly  alter  the  distribution  of  momentum  In  a  medium  that  is 
large  compared  to  the  loading  pulse  length  since  an  effect  will  be  to  leave  a  large  mau  with  a  residual  velocity  that  will 
be  converted  to  impulse,  possibly  at  a  nearly  imperceptible  rate.  An  effect  of  this  sort  has  no  direct  relationship  with, 
say,  the  more  familiar  parameter  of  the  area  under  the  streu-strain  curve  in  a  lood-unlood  cycle.  In  addition,  it  is 
immediotely  apparent  ibot  if  irreversible  processes  are  expected  to  ploy  such  an  important  rale,  it  is  vital  not  to  eliminate 
them  by  repeatedly  loading  the  same  sample. 
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Experimental  Approoch 

In  attempting  to  meet  the  objectives,  then,  some  of  the  measurements  important  to  this  study  wer*.  ‘ndicoted, 
quite  simply,  by  an  examination  of  Newton's  second  law,  which  leads  to  the  belief  that  measurements  .  <  ■  ..  particle 
velocities,  and  wove  velocities  of  particle  velocities,  all  as  functions  of  time  and  position  along  the  column,  are  requi.'ad. 
Furthermore,  consideration  of  the  impulse-momentum  law,  which  states  that  the  change  in  force  is  equal  to  the  rate  of 
chonge  of  momentum,  i.e,. 


AF=MMv)/t%  (1) 

indicates  that  the  simplest  experimental  arrangement  with  which  to  begin  a  s^udy  of  propagating  waves  is  to  use  a  very 
sharp-fronted  wave,  such  as  a  step  shock  pulse,  so  that  the  momentum  is  fairly  easily  defined.  For  such  a  case,  the 
momentum  equation  may  be  stated  in  another  form,  i.e.. 


6  ff  A  =  6  (  p  Axv)/t** 

(2) 

Aff  =  pCAv. 

(3) 

It  is  seen  that  the  wave  velocity  C  Is  the  scale  factor  defining  the  mass  tho*  hos  undergone  o  change  in  particle 
velocity  ^v.  Unless  the  material  loaded  is  an  ideal  linear  elastic  medium,  or  a  step  shock  pulse  input  is  applied,  the 
measurement  of  many  wave  velocities  Cj***  for  corresponding  particle  velocity  changes  avj  might  be  required  to  define 
the  momentum  adequately  as  a  function  of  time,  whereas  only  one  wove  velocity  is  required  for  the  step  pulse  because 
the  material  at  its  front  presumably  makes  a  step  jump  in  velocity  of  av  directly  to  the  final  velocity. 

The  same  wave  and  particle  velocity  data  are  also  sufficient  to  allow  determination  of  the  kinetic  energy,  and, 
finally,  the  total  work  done  can  be  determined  at  positions  along  the  column  from  displacement-time  and  stress-time  Infor¬ 
mation.  Consequently,  it  appears  that  all  the  data  required  for  studying  the  momentum  and  impulse  redistribution  processes 
may  be  obtained  by  measuring  lateral  and  axial  stress-time  and  displacement-time  at  erxiugh  locations  along  a  column. 
Particle  velocities  may  be  obtained  from  the  slopes  of  the  displacement-time  traces,  while  the  wave  velocities  may  be 
obtained  from  the  travel  times  between  stations.  (A  description  of  the  experimental  apparatus  appears  in  Appendix  A.) 

EXPERIMENTAL  RESULTS 

Only  the  first  loadings  on  dry  granular  materials  hove  been  studied  to  date,  and  thus  for  these  tests  have  been 
further  limited  to  a  20-30  Ottawa  sand  and  two  graded  samples.  The  physical  properties  of  the  graded  sand  samples  are  in¬ 
dicated  in  Figure  1.  Initial  pressures,  i.e.,  seat  loods,  have  been  2  psi  or  less.  In  these  tests,  it  has  been  observed  thot 
step  stress  pulses  with  slow-rising  fronts,  e.g.,  700  toec  to  peak  stress,  "shock  up"  after  traveling  2  to  4  in.  down  the 
column****.  The  fast-rise  portion,  if  the  rounding  at  the  peck  is  ignored,  becomes  on  the  order  of  100-400  Msec,  as  indi¬ 
cated  in  Figure  2*****.  The  rounding  at  the  top  In  these  traces  Is  thought  to  be  the  effect  of  short-term  reloxation  effects. 

Further  indication  that  shock  waves  ore  propagating  may  be  obtained  from  examination  of  the  instances  in  which 
an  unloading  wave  immediately  follows  a  loading  wove,  i.e.,  for  o  square-wove  pulse  input.  Squore^ove  loodlngs 
have  been  applied  to  Ottawa  sand  ploced  at  a  void  ratio  of  0.61,  in  which  the  unloodlng  wove  components  hove  been 
observed  to  catch  and  interact  with  the  loading  wove.  As  a  result  of  this  interaction,  the  peak  streu  decreases  with 
distance  traveled  along  the  column.  This  process  of  hydrodynomic  attenuation  has  been  described  in  detail  in  o  theore¬ 
tical  treatment  by  Duvall  (1).  Analysis  of  data  from  one  of  the  experiments  in  which  hydrodynamic  attenuation  of  the 
peak  streu  was  observed  showed  excellent  agreement  with  the  theory  in  this  reference. 


*~”SnriTie’cT>OTge" in  force  F,  and  the  rote  of  change  of  momentum  is  given  by  the  product  of  the  mo*  M  ond  its 
velocity  v  divided  by  the  time  t  for  the  change  to  take  ploce. 

**  The  force  F  in  Equation  I  is  the  product  of  the  streu  «  ond  the  cross^ectionol  area  A.  The  mou  M  is  the  product  of 
the  density  a  ond  the  volume  Ax,  where  x  is  the  length  of  column  that  has  undergor>e  the  chorsge  in  velocity  ^v. 

The  quantity  C  is  a  phase  velocity  with  which  the  particle  velocity  change  Av  propagates  down  the  column.  Con¬ 
sequently  (Ct)  =  (x). 

***  For  any  other  condition,  the  material  octually  goes  through  a  continuous  series  of  streu  changes  in  arriving  at  the 
peok  streu,  such  that  eoch  chortge  corresponds  to  a  different  wove  velocity. 

****  The  wave  Is  said  to  hove  "shocked  up"  when  tfie  fast-rise  portion  of  the  troces  no  longer  shows  a  tendency  to  steepen 
further.  (A  brief  discuuion  of  shock  phenonwio  in  a  soil  medium  appears  in  Appendix  B.) 

*****Even  if  the  rounding  is  included,  the  typical  measure  of  rise  time  (as  used  in  oir  blost)  of  10  to  90  percent  of  the  peak 
streu  it  still  about  450  Mtec  for  the  tioce  shown  (which  it  among  the  sloweet  rite  tinus  used). 
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Fig.  2  StraM-Tinw  Tree*  M«ai«jr*d  ot  Hw  Bom  of  Hw  Sompio  Colonvi 


WAVE  PROPAGATION 


In  studying  traveling  waves,  it  is  generally 
considered  desirable  to  make  all  measurements  prior 
to  the  occurrence  of  any  reflections  from  end 
boundaries.  Nevertheless,  a  great  deal  may  be 
learned  about  the  conversion  of  momentum  to  impulse 
in  a  stressed  soil  element  by  examining  the  reflection 
phenomenon  itself.  Consequently,  as  presented  in 
Appendix  C,  an  analysis  of  data  from  an  actual 
shock-loading  test  has  been  carried  beyonJ  the  time 
of  reflection  of  the  main  wave  by  the  rigid  receiver 
until  the  porticle  velocity  of  the  entire  column  is 
stopped.  It  is  of  interest  to  note  here,  however, 
that  for  each  of  the  three  sands  examined,  reflected 
stress  at  a  rigid  receiver  has  always  exceeded  twice 
the  incident  stress. 

From  dota  of  the  type  discussed  in  Appen¬ 
dix  C,  it  is  possible  to  obtain  a  relationship  between 
stress  and  total  displacement  (or  strain)  at  two  levels 
of  stress  for  a  uniformly  loaded  sample.  Consider 
points  a  and  b  on  the  peak  reflected-stress  trace 
shown  in  Figure  C-3.  It  can  be  calculated  from  the 
duration  of  that  stress  level  and  the  measured  velo¬ 
city  of  the  reflected  wave  that  the  entire  sample  has 
been  stressed  between  80  and  85  psi;  in  fact,  the 
lateral  stress  stations  also  indicated  this  is  true. 

Therefore,  the  peak  displacement  should  be  associ¬ 
ated  with  the  peak  reflected  stress  measured  as  one 
condition  of  strain  associated  with  a  uniform  loading 
of  the  sample.  In  addition,  wirh  a  step  pulse,  the 
constant  level  of  the  incident  axial  stress  allows 
determination  of  the  total  displacement  at  any  point 
along  the  sample  column,  at  o  time  when  the  entire 
sample  column  has  been  uniformly  stressed  to  the  level  of  the  incident  stress,  simply  by  reading  total  dlspiocement  at  the 
time  of  arrival  of  the  incident  wove  at  the  rigid  reflector.  A  plot  of  points  for  both  these  diiplocement  conditioru  appeon 
in  Figure  3*. 

Also  plotted  in  Figure  3  are  data  points  determined  from  the  meoured  wove  velocities  (C  ,  j)  of  the  p«ok  stress 
levels  (sj),  calculated  simply  by  using  the  relationship 

(4) 

PC 

'1 

(In  effect,  this  is  a  statement  rhot  the  secant  modulus  of  the  stress'etroin  curve  oblutned  for  o  shock  input  is  indkoHve  of 
the  wave  velocity.)  The  stress-strain  dcto  points  for  the  meosured  stroins  and  those  coiculoted  from  the  wove  velocities 
appeor  to  match  very  well. 

Shock-Induced  Wava  Velocitiw  Vei^  Wsmic 

^Aeosure^  wove  veiocitlei  IW  t^  three  tondi  studied  (2)  ore  plotted  in  Figure  4  os  o  function  of  applied  oxfol 
stress.  Also  included  in  Figure  4,  for  comporison.  Is  a  transformed  plot  of  wove  velocities  meo..;.d  !  Ot;  .a 

reported  by  Whitman  (3)  ot  nearly  the  swrw  void  ratio  used  for  the  Ottawa  tond  somples  in  the  test  teries  reported  here. 
The  wove  velocity  dote**  presented  by  Whitmvf  show  laboratory-measured  "seismic"  velocities  for  imoii  stress  vortotlom 
in  20-30  Ottowo  sand  at  a  void  ratio  of  0.53  urtder  votious  confining  preesures.  As  plotted  in  Figure  4,  however,  the 
curve  has  been  shifted  to  relate  to  on  oxioi  iooding  which  would  develop  the  corresponding  ‘^confining  pressure,"  i.e., 
loteral  pressure,  in  the  URS  apparatus,  it  is  seen  that  these  seismic  wovet  propagate  considerably  faster  than  the  shock- 
induced  waves.  Furthermore,  the  difference  between  these  seismic  and  ihockmnduced  wove  velocities  for  the  20-X 
Ottowo  sand  is  considerably  greoter  thon  the  vorioiion  between  shock-induced  velocities  in  the  three  different  sands. 

*  the  materioT  Joes  not  go  through  the  stress  and  strain  stotes  successively  that  ore  indicated  by  the  curve.  Rather,  the 
curve  is  the  envelope  of  a  series  of  unique  lood-displocement  relationships,  eoch  obtolned  for  a  step  pulse  iooding  to  o 
different  stress  level  on  o  newly  prepared  soirtpl*. 

**  These  woves  hove  been  referred  to  as  seismic  In  Reference  3. 


□  FROM  LOAD -DISPLACEMENT 

O  FROM  SHOCK  VELOCITY 

20-30  OTTAWA  e  « ,51 


Fig.  3  Envelope  of  Unique  Overpreuure-Stroin 
Relotionihips  for  Step  Shock  Inputs 
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A  quantitative  measure  of  the  "judgment"  that  would  hove  been  required  to  correctly  predict  peak  particle  dis¬ 
placements  (os  a  result  of  an  applied  shock  overpressure)  from  the  seismic  velocity  meosurements  can  be  determined  by 
comparing  the  two  wove  velocity  bands  in  Figure  4,  The  "judginent"  required  to  use  the  seismic  velocity  predictions  should 
be  considered  in  comparison  with  the  excellent  correlation  that  can  be  obtained  between  measured  peak  particle  displace¬ 
ments  and  the  corresponding  wove  velocities,  as  has  been  presented  in  Figure  3.  This  correlation  requires  only  that  each 
overpressure  applied  is  properly  associated  with  its  own  unique  propogat  n  velocity  under  the  appropriate  initial  conditions. 
Clearly,  it  is  not  reasonable  to  demand  that  a  single  wave  velocity,  which  charocterl7es  a  unique  set  of  conditions  embrac¬ 
ing  both  initial  stress  and  propagating  overpressure  (os  a  seismic  velocity  might  be  defined),  bo  representotive  of  oil  levels 
of  overpressure.  Hod  the  seismic  velocities  been  used  in  Equation  4  for  every  level  of  applied  overpressure,  the  predicted 
peak  particle  displocements  would  have  been  on  the  order  of  600  percent  smaller  than  those  measured  under  shock  loadings. 
In  a  field  application,  this  discrepancy  may  be  mitigated  to  some  extent  if  sizable  initial  conditions  of  overburden  pressure 
exist. 

To  summarize,  discussion  has  shown  thot  it  is  imperotive  f>'r  predicting  peak  particle  velocities  and,  hence,  dis¬ 
placements  due  to  on  applied  load,  to  identify  the  moss  involved  in  the  momentum  changes.  It  has  also  been  pointed  out 
that  the  wave  velocity  is  the  scale  foctor  which  identifies  that  mass.  It  is  not  sufficient,  therefore,  to  measure  simply  one 
wave  velocity  and  apply  the  momentum  equation  to  predict  peak  particle  velocities.  It  is  also  ‘scessory  to  know  the 
entire  spectrum  of  wave  velocities  cssociated  with  their  respective  porticle  velocities  and  levels  of  stress  propagating. 
Fortunately,  for  sharp-fronted  waves,  the  problem  becomes  simplified  to  some  extent  in  that  all  particle  velocities,  for 
all  Intents  and  purposes,  travel  with  a  common  wave  velocity  associated  with  the  peak  stress. 


INCIDENT  AXtAL  OVERPRESSURE — (psO 


Note:  Open  lymboit: 
Fully  shodedb 
Hell  sbedeA 


<  2  pt!  seat  iood,  i.t.,  initial  pressure 

40  to  60  p«i  initiol  pressure 

precufw  velocities  versus  initiol  pressure 


Fig.  4  Wo*  t  a*>d  Precunor  Veiocilies  Versus  lf*cidenl  Axiol  Overpressures 
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This  does  no*  mean  that  seismic  velocities  are  unimportont.  Precursors*  will  propogate,  according  to  the  vcrious 
laboratory  studies,  in  accordance  with  an  effective  confining  pressure.  In  the  field,  this  will  be  dependent  upon  the  over- 
d  burden  and  the  degree  of  cementation.  fArithout  doubt,  these  precursors,  being  f-'ster  then  the  moin  wave,  will  tend  to 

.  increase  the  effective  mass  in  the  momentum  transfer  process,  hence  reducing  :he  maximum  poiticle  displacement  for  o  given 

load;  but  the  magnitude  of  the  effect  will  be  dependent  on  the  level  of  ctress  supportable  in  the  precursor  relative  tc  the 
applied  overpressure.  At  present,  it  is  known  that  the  use  of  precursor  velocities  for  predicting  peak  particle  displacement 
c-  becomes  rrxjre  legitimate  as  the  supportable  level  of  stress  in  the  precursor  increases.  Practical  application,  however,  re- 

I  quires  quantitative  information  on  the  relationships  among  initial  conditions,  overpressures,  and  sirains. 

A  part  of  that  infc.matlon  may  well  be  inhere-'. i  in  Jota  of  the  type  presented  in  Figures  3  ar  d  4.  Consider  the 
5^  hypothesis  that  Ini*ial  effecti\e  confining  conditions  (relating,  in  the  field,  to  effects  of  cementation  and  overburden  pres- 

g  sures  at  o  given  site)  might  be  occounted  for,  in  large  degree,  by  successively  shifting  the  origin  of  o  single  stress-strain 

curve  obtained  from  a  confined  compression  test  of  *he  moteriol  for  zero  initial  confining  pressure.  By  such  a  process,  one 
could  obtoin  o  family  of  overstress-strain  curves  for  ony  initioi  stote  of  stress.  Such  a  family  of  curves  is  shovvn  in  Figure  5 
for  20-30  Ottawa  sand.  From  these  curves,  displacements  for  a  given  set  of  initial  end  overpressure  conditions  presumably 
(  could  now  be  obtained  fron,  th.e  appropriate  overpressid’e-^train-initial-stresi  curve. 

So  for,  three  tests  to  assess  this  hypothe¬ 
sis  hove  been  performed  at  URS.  Though  the  data 
are  sparse,  the  few  results  ore  encouroging  and 
appear  of  interest.  In  these  tests,  seat  loads  of 
40  and  60  psi  were  applied  axiolly .  Both  the 
velocities  of  the  fronts  of  the  main  waves  and  the 
displacements  of  the  input  end  of  the  column  were 
predictable  at  a  given  overpiessure  from  the  ap¬ 
propriate  curves  in  Figure  5  and  ogreed  within  1000 

about  5  percent  with  the  measured  values.  The  5 
three  overpressur e-strain-initial-stress  relation- 
ships  measured  are  shown  as  the  shaded  points  tT 
plotted  in  Figure  5.  ^ 

It  is  of  interest  that  the  measured  velo-  ZJ 
cities  of  the  observed  precursors,  when  plotted  Jn 
ogoinst  the  set  load  or  initioi  stress,  were  within  ^ 
the  extremes  of  the  ronge  of  the  seismic  velocities^ 
obtoined  from  Reference  3.  However,  the  velo¬ 
cities  of  the  main  woves  were  only  between  50 
orsd  60  percent  of  those  of  the  precursors.  The 
moin-wnve  velocities  have  been  plotted  against 
overpressure  ond  their  corresporsding  precursors 
hove  been  plotted  against  the  initial  stress  os  the 
three  poirs  of  points  in  Figure  4. 

In  these  tests,  it  wos  also  found  tho*  the 
mognitude  of  the  oventress  in  the  precursor  sup- 
portoblc  os  a  result  of  the  seo'-tood  pressure,  os  0 

determined  from  tt>e  peok  reflected  stress  gouge, 
wQs  only  obout  14  percent  of  the  seof-iood  pres¬ 
sure  itself.  If  if  is  assumed  that,  ot  these  low 
levels  of  streu,  the  reflection  foctor  is  iso  more 
than  2,  then  the  actual  incident  precursor  streu  would  hove  been  7  percent  of  the  seof-lood  preuure.  If  such  o  'etotionship 
coofinjei  to  hold,  then  at  '-sn  initial  prwMure  of  50'"  !,  j.  l,  o  3"  u.,  .vsuie  couio  ue  iup(K,:teu  ei'firel^  in 

the  precvifsor,  if  is  of  intetest  that  the  ov».,.rv'ns“tfroin  reiotionship  obtoirred  from  the  curve  in  Figure  i  mjrkea  ’  seismic,’ 
compures  fovoroble,  for  stresses  '5  to  35-50  pii,  with  the  o\  ersfress-stroin  relationship  from  the  curve  fos  a  500  pii  initioi 
,..essu  I,  In  oddition,  it  con  be  seen  rtvjf  if  the  initioi  pressure  were  orh  ooe-fenih  os  great,  i.e,,  50  psi,  bu*  with  the 
some  35  psi  overpressure  applied,  the  strain  wov-ild  ve  5  times  os  gfeot  os  for  the  cose  with  500  pii  initial  pressure  or.  In 
effect,  fur  the  sifuoiion  chosen,  5  times  os  greot  os  would  be  predicted  from  the  seismic  velocities. 

*ln  generoT,  o  precunor  Is  o  wove  thot  propogotes  in  odvonce  of  a  moir,  w>ove,  hence,  it  is  relotively  smoll  in  comporison. 

In  o  discrete  porticuiote  medium,  its  mognifvde  shouid  be  relotoble  to  the  conditions  of  inrerporticuiote  contact  one,  con¬ 
sequent!,,  the  initioi  confining  pressure.  At  very  low,  or  zero,  initioi  confining  pressures,  the  'eve'  of  stress  ir.  the  pre- 
ct,rsor  mo>  be  lvIcw  the  level  of  easy  detection  to  the  extent  that  it  appears  to  propogate  with  o  lower  velocity  than  Is 
och^olly  coaect.  Ir  some  URS  tests  with  large  seat  loods,  i.e.,  effectively  iotye  initioi  confinirg  pressures,  the  velocities 
of  the  precunots  oppeored  te  be  reloted  to  the  seismic  or,  perhaps  more  oppropriotcly  in  this  cose,  Hertzion  velocities 
obtoined  from  Reference  3. 
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CONCLUSIONS 

7n«  procficoi  significance  of  the  observations  described  herein  is  to  offer  the  hope  that  further  studies  of  the  basic 
behavior  of  soils  under  dynamic  loads  moy  lead  to  a  method  for  accounting  for  overburden  and  cementation  effects  in  terms 
of  an  initial  pressure,  or  some  other  effective  condition  of  confining  pressure.  At  the  leost,  overpressure-str  nn-initiol- 
stress  studies  will  allo'.v  better  quantitoiive  relationships  to  be  drawn,  for  use  in  design  errgineering,  betweer.  precursor 
velocities,  main  stress'^cve  veioc  Mes,  end  sample  strains.  Nevertheless,  all  these  effects  are  related  to  step  pulse  lood- 
ing  and  have  not  yet  taken  unlooding  into  account.  Studies  of  hydrodynamic  attenuation  processes  would  allow  the 
additional  concepts  of  wave  shape  and  finite  duration  to  be  accounted  for. 

This  paper  has  also  indicated  thet  nature  of  the  soil  behavior,  in  delivering  a  pulse  to  a  receiver  or  structure, 
is  dependent  on  characteristics  •-'f  bo^h  me  input  loading  and  the  receiver,  os  well  as  of  the  transmitting  medium. 

Quantitative  evaluation  cf  the  loading  chonacteristics  (other  than  the  ijbvious  effect  of  load  level)  hos  net  been 
treated  here.  In  regard  to  the  receiver  chorocteristi-s,  it  has  been  indicated  that  peak  reflected  stresses  may  be  greeter 
than  twice  the  incident.  The  i  ’ctical  significance  of  this,  however,  could  be  slight,  since  the  reflection  factor  wi  I 
depend  on  effective  boundary  co-'ditiors,  and  the  size  ond  chorocteristics  of  the  structure, 
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APPENDIX  A  -  URS  DYNA^MC  SOIL  TEST  FACILir?' 

In  rtie  present  experimental  system  used  at  URS,  a  sample  column  obool  )  ft.  long  ond  1-1/2  in.  in  diameter  is 
laterally  ccxifined  by  a  1/4-in,  annulus  of  fluid  surrounded  by  a  transporent  contoincr.  TTie  container  is  transparent  to 
provide  optical  entry  for  trocking  loterol  and  axial  di$plocerr.ents  of  points  on  the  column  witKout  moking  physicol  contoct 
with  the  sample*.  The  objective  of  Hie  fluid  boundory  is  to  provide  minimum  resistonce  to  oxial  displocements  and  maximum 
resistance  to  lateral  displocements.  The  fluid  is  sealed  and  protected  from  the  applied  load  so  that  the  lateral  stress  in  the 
sample  and  the  pressure  in  the  fluid  is  generated  by  the  axial  loading.  Kistler  pressure  transducers  are  located  along  the 
container  wall  to  monitor  the  fluid  pressure,  i.e.,  the  lateral  stress  in  the  sample.  Axioi  stress  is  measured  at  one  of  the 
planar  ends  of  the  sample  at  a  boundary  having  a  modulus  considerobiy  greater  thon  that  of  the  sample  so  that  it  is  essen¬ 
tially  a  rigid  receiver.  At  the  other  planar  end  boundary,  air  loodings  oi'e  applied  axially  to  the  column  through  o  piston, 
vrhich  provides  c  means  of  measuring  displacements  of  the  input  end  of  the  somple,  prevents  penetration  of  the  air  loading 
into  the  void  spaces,  and  provides  a  reons  for  unloading  the  column  in  o  matter  of  several  hutidred  microseconds  simply  by 
bringing  the  piston  to  an  abrupt  stop. 

The  air  loading  opplied  to  the  piston  is  the  output  of  a  modified  shock  tube,  which  has  been  designed  to  provide 
air  loadings  up  to  2,000  psi  on  the  piston,  with  rise  times  beKveen  10  and  100  ^sec.  Stresses  in  excess  of  2,000  psi  can 
be  obtained  by  using  compound  piston  systems,  in  which  the  air  load  is  applied  to  a  lorger  piston  than  the  one  thot  bears 
on  the  sample.  Loadings  with  much  slower  rise  times  con  be  ochieved  by  introducing  systems  of  fixed  and  flexible  orifices 
ahead  of  t'le  piston.  In  any  event,  the  piston  will  slow  the  rise  time  of  the  pulse  delivered  to  the  sample  column  by  an 
amount  dependent  on  both  the  level  of  applied  stress  and  the  piston  moss.  Wi*  '  higher  opplied  stresses,  the  piston  is  accel¬ 
erated  to  the  appropriate  peak  soil-particle  velocity  at  a  faster  rate.  For  the  pistons  used  in  the  tests  reported  here,  rise 
times  at  the  input  end  of  the  somple  for  low  stress  levels  have  been  on  the  order  of  700  Asec.  At  higher  stress  levels, 
corresponding  rise  times  as  short  as  150  /usee  hove  been  measured. 

APPENDIX  B  -  DISCUSSION  0/  SHOCK  PHENOMENA  IN  SOIL 


The  stress-strain  curve  of  o  column  of  laterally  confined  granular  soil  chorocteristicaily  has  a  positive  cufvoture 


d^<f 


>  0, 


i.e.,  concave  upward  about  ihe  stress  axis. 

Interpreting  this  stress-strain  curve  as  an  equotion  of  stote  ollows  onr  to  infer  thot  propagation  velocities  for  in¬ 
cremental  stress  elements  increase  witfi  increasing  axial  stress  and,  as  a  result,  the  front  of  o  propagating  stress  wave  will 
tend  to  steepen  as  the  wave  propagates  through  the  material.  This  has  been  confirmed  experimentally  in  granulor  materials. 
A  further  implication  is  that  eventuclly  a  stable  shock  wave  would  form  os  the  wove  proceeded  down  the  column,  provided 
a  constant  axial  stress  were  maintained  at  the  top.  That  is,  if  a  step  stress  wave  of  infinite  duration  were  put  into  a 
laterally  confined  granular  medium  roi  subject  to  side-wall  friction,  the  shape  of  the  front  of  the  wove  should  eventually 
become  independent  of  time. 

Further,  drawing  from  more  conventional  media  in  which  shock  waves  hove  been  studies,  we  see  that  if  this  stable 
wave  travels  at  a  velocity  greater  than  that  of  an  infinitesimally  weak  stress  signal  in  the  same  material,  then  the  wave  con 
be  considered  a  shock.  The  choracter  of  a  shock  wove  in  a  gas,  certainly,  is  well  known  ond  consequently  is  easily  iden¬ 
tifiable.  The  existence  of  a  stable  shock  wove  in  a  granular  medium  may  prove  difficult  to  demonstrate. 

It  is  relatively  easy  to  provide  a  sufficiently  long  expansion  chamber  in  a  gas-filled  shock  tube  to  allow  the  com¬ 

plete  formation  of  a  stable  shock  because  side-woll  friction  in  a  gas  is  confined  to  o  thin  boundory  layer  next  to  the  wall. 
However,  side-wall  friction  on  a  confined  granular  medium  is  a  dominant  mechanism  for  extrocting  energy  from  a  wove 
propagating  in  the  medium,  and,  unless  special  arrangements  (such  as  the  fluid  boundary)  are  employed,  it  is  not  possible 
to  sustain  a  stable,  finite-amplitude,  one-dimensional  wave,  Present-doy  friction -reducing  mechanisms  impose  limitations 
or  the  length  of  the  granular  soil  column  that  con  be  constructed  for  wove  propagation  studies. 

It  is  at  least  possible  to  soy  that  it  is  not  necessary  for  a  shock  in  a  granular  material  to  be  steep-fronted  since 

relaxation  effects  in  an  element  of  soil  volume  contained  in  the  front  may  delay  attainment  of  the  uniform  conditions  be¬ 
hind  the  front, 

it  is  possible  to  load  a  column  of  soil  by  a  pulse  sharper  than  would  propagate  stably.  In  this  case,  the  wave  in 
the  soil  would  undergo  continuous  increase  in  rise  time;  that  is,  the  wave  front  would  be  apparently  flattened  or  degraded 
until  stoble  conditions  of  the  shock  in  the  soil  were  achieved.  This  occurs  since  the  amplitudes  of  the  highest  frequency 
components  of  the  step  wove  in  air  would  be  degraded  exponentiolly  in  the  soil,  with  the  decoy  constant  for  each  mode 
increasing  with  increasing  frequency  above  the  maximum  frequency  component  which  the  soil  will  support.  On  the  other 


"'Tliis  is  occomplishe  aTy  means  of  Optron  Corporation  Model  680  trockers  "locked  on"  colored  sand  groins  within  the  sample. 
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bond,  m  menHoned  earlier,  a  stress  wave  entering  the  laterally  constrained  soil  with  a  long  rise  time  at  the  front  will 
gradually  steepen  until  the  stable  shape  of  the  wove  front  is  obtained,  in  order  to  obseirve  both  of  these  conditions,  a 
sizable  sample  cokmn  may  be  required.  To  date,  only  the  steepening  front  hos  been  observed  at  URS.  However,  Burmister 
has  reported  observing  the  other  condition  (4), 

Once  a  stable  shock  front  is  physically  obtoined,  then  the  conservation  conditions  of  moss,  momentum,  and  energy 
(Hugoniot  conditions)  can  be  imposed  to  relate  the  uniform  states  of  stress  aheod  of  raid  behind  the  shock  front.  Through  the 
conservation  conditions  inferences  can  be  made,  from  measurement  of  stress  and  shock  wave  velocity,  regarding  state  vari¬ 
ables,  e.g.,  entropy  changes,  which  would  be  difficult  to  measure  directly.  Once  it  has  been  established  that  a  stable 
front  has  been  achieved,  its  shape  and  rise  rime  would  give  insight  into  the  relaxation  effects  experienced  by  the  individual 
granules  in  passing  through  the  shock  front. 

APPENDIX  C  -  DISCUSSION  OF  REFLECTION  PHENOMENA 

Before  looking  ot  reflection  phenomena  in  a  column  of  granular  material,  a  simplified  analysis  of  a  similar  situation 
in  an  ideal  linear  elastic  material  should  be  reviewed. 
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*if  the  so-called  rigid  receiver  had  either 
been  finite  and  located  in  a  continuum  of 
the  ideal  elastic  material  or  if  it  had  been 
something  less  than  rigid,  the  stress  pulse 
generated  by  conversion  of  the  tmmentum 
to  impulse  at  the  continuum-receiver 
interface  would  have  been  totally  differ¬ 
ent  because  the  rate  of  change  of  momen¬ 
tum  would  have  been  different. 


(0,t) 


Lineor  Case 

^  important  property  of  the  ideal  linear  elastic  material  is  that  all  levels  of  stress  are  transmitted  with  the  same 
wave  velocity,  C.  Figure  C-1  is  a  schematic  representation  of  events  in  a  distance-time  (X-t)  diagram  for  a  sharp-fronted 
air  loading  step  pulse  of  magnitude  applied  to  the  free  surface  of  a  stress-free  column,  the  o'her  end  of  which  rests  on 
a  rigid  receiver.  (For  the  case  presented,  consider  that  is  small  compared  *^0  the  elastic  limit.)  An  X-t  diogram  is  a 
convenient  pictorial  way  to  keep  track  of  the  arrival  times  along  the  colurm  of  characteristics  of  the  wove. 

In  the  case  pictured  (Figure  C-1),  a  single  characteristic,  shown  by  the  first  diogonal  line,  is  representative  of 

the  velocities  of  ail  stresses,  i.e.,  the  peak  stress  as  well  os  the  front,  since  the  pulse  is  o  step  rise  in  stress.  Simultaneous 

with  the  arrival  of  the  peak  stress,  as  the  stress  pulse  proceeds  along  the  column,  the  material  undergoes  a  sudden  change 

in  velocity  Av,  from  zero  to  v.  The  material  behind  the  wove,  of  course,  has  made  a  step  jump  A^q  zero  to  the 

stress  level  <r.. 

o 

when  the  wave  front  arrives  at 
the  boundary  that  hos  been  defined  os  a 
rigid  receiver,  the  particle  velocity  is 
suddenly  stopped,  i.e,,  changed  by  an 
amount  Av,  os  the  material  velocity  re- 
turrts  again  to  zero  from  V.  Since  very 
little  change  has  occurred  in  the  density 
p  ,  the  rote  of  change  of  momentum, 
pCAv/t,  on  reflection,  is  just  equal  to 
the  rate  of  momentum  change  for  the  inci¬ 
dent  wave  so  that  the  stress  behind  this 
reflected  front  must  juiTip  another  <rg,  to  a 
total  of  The  total  stress,  resulting 

from  superpwition  of  t'le  incident  and  re- 
I'iecteu  stress  waves,  is  generally  referred 
to  as  the  peak  reflected  stress.  The  second 
diagonal  line,  or  the  return  characteristic 
in  Figure  C-1,  represents  the  location  of 
the  front  of  the  returning  wave  of  velocity 
C,  This  defines  the  location,  as  a  function 
of  time,  of  the  region  where  the  particle 


a,(L/3.t) 


a,(L,t) 


Fig.  C-1  X-t  Diagram  Indicating  Stress-Time  Histories  at 
Three  Locations  {X  0,  L/3,  and  L)  Along  a 
Column  of  Ideal  El'istic  Material 
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velocity  changes  an  amount  back  to  zero  particle  velocity.  Space  does  not  permit  carrying  this  analysis  further;  how¬ 
ever,  the  repeating  patterns  of  stress  to  be  expected  for  this  case  are  represented  at  three  stations  along  the  column. 

Nonlinear  Cose 

Hod  the  material  in  the  column  been  nonlinear,  so  that  the  stress-strain  behavior  showed  ever  smaller  strains  for 
equal  increments  of  increasing  stress,  the  ratio  of  the  peak  reflected  stress  to  the  incident  stress  could  be  greoter  than  two 
for  reflection  at  a  rigid  boundary.  In  the  case  of  air,  for  example.  It  rongc»  from  a  factor  of  two  to  a  foctor  of  eight,  de¬ 
pending  on  the  magnitude  of  the  shock  strength.  This  is  of  considerable  importance  in  determining  air-blast  loadings  on 
structures.  Soil  also  has  a  nonlinear  response  and  has  been  observed  in  laboratory  experiments  to  shock-up.  Consequently, 
observations  of  reflection  factors  greater  than  two  for  shock  v  aves  in  soil  are  not  surprising. 

Nonlinear  Case;  Ottawa  Sand 

Figure  C-i  fs  an  k-t  diagram  for  an  actual  test  in  which  a  step  pulse  loading  of  about  32  psi  was  applied  to  20- 
30  Ottawa  send  ot  n  density  of  110  Ib/ft^  (or  a  void  ratio  of  about  0,51).  The  top  ond  bottom  traces  are  lateral  stress-time 
histories  measured  at  x  =  1  and  x  =  11.8  in,,  i.e.,  at  measuring  stations  1  in.  from  each  end  of  the  column.  The  middle 
trace  is  a  history  of  the  axial  displacement  at  x  =  5.8  in.  Note  the  precursor  and  that  ot  the  bottom  station  the  rise  time 
of  the  incident  main  wave  is  faster  than  it  is  at  the  top  station,  where  the  rise  time  appears  to  be  about  600  Msec.  Careful 
analysis  shows  that  the  incident  wave  at  the  bottom  station  has  been  interfered  with  by  the  reflected  pulse;  nevertheless,  a 
portion  of  it  can  be  seen  just  before  reflection.  At  the  top  'station,  it  may  be  seen  that  the  stress  remains  faithfully  con¬ 
stant  until  the  arrival  of  the  reflected  wave  (except  for  the  bump  which  corresponds  in  time  to  arrival  at  that  station  of  the 
reflected  precursor).  This  is  what  would  be  expected  at  a  station  this  close  to  the  input  end  of  the  sample  for  a  constant 


applied  axial  stress. 

Since  the  lateral  stress  is,  in 
fact,  generated  by  the  axial  stress  and  is 
directly  related  to  that  axial  stress,  the 
lateral -stress  gauges  might  also  be  used  to 
determine  the  corresponding  "free-field" 
axial  stress,  provided,  of  course,  the  ratio 
of  lateral  to  axial  stress  remains  constant, 
which  condition  has  been  observed  to  be 
true  until  arrival  of  an  unloading  wave. 

The  traces  from  these  stress  gauges  can  be 
used  to  determine  reflection  factors. 

For  the  denser  20-30  Ottawa  sand 
samples  studied,  reflection  factors  of  2.5 
to  3.2  have  been  measured  in  the  region  of 
applied  stress  between  20  and  500  psi. 
(Actually,  the  reflection  factor  may  be 
found  in  a  number  of  ways.)  Looking  at 
the  ratio  of  the  peak  reflected  stress  to  the 
incident  stress  at  the  two  lateral  stress 
measuring  stations  for  the  particular  load¬ 
ing  of  Figure  C-2,  we  see  that  reflection 
factors  of  2.5  and  2.9  are  indicated.  The 
upper  station  reflection  factor  of  2.5  is  not 
quite  correct  because  an  unloading  wave 
(indicated  by  the  dip  between  2.9  and  3.0 
msec)  started  to  emanate  from  that  location. 
Another  measure  of  the  reflection  factor 
may  be  obtained  from  examining  the  char¬ 
acteristics  in  the  X-t  diagram,  i.e.,  by 
using  the  wave  velocities  of  the  front  and 
the  peak  particle  velocities  that  are  indi-  |2  3 
cated  by  the  diagonal  lines  intersecting  the 
base  lines  of  the  lateral  stress  traces.  The 
particle  velocity  changes  associoted  with 
the  reflected  and  incident  waves  have  been 
equal,  i.e.,  from  0  to  v  and  from  v  back  to 
0,  just  as  in  the  example  of  the  ideal 
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Fig.  C-2  X-t  Diagram  Indicating  Lateral  Streu-Time  and  Axial 
Oisplocement-TIme  Histories  at  the  Locations  Marked 
Along  a  Column  of  20-30  Ottowo  Sand  at  1 10.0  pcf 
Density  for  a  Step  Pulse  Loading  to  32  psi 
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eicstic  medium.  Also,  the  change  in  density  p  as  a  result  of  the  axial  strain  Is  still  comparatively  small,  i.e.,  Pj. 

Thus,  to  a  first  approximation  the  reflection  factor  (*,.+  «r  })/»;*  or  a p.  +  1  can  be  obtained  from  the  relationship 


Ko.  ~  TTa 

I  O  1 


For  the  case  under  discussion,  examination  of  Figure  C-2  shows  that  1  plus  the  ratio  of  the  reflected  to  the  incident  wave 
velocity  is  approximately  2.7. 

The  top  trace  of  Figure  C-3  is  the  displacement-time  history  obtained  for  the  input  end  of  the  column  and  the 
bottom  trace  is  the  time  history  of  the  reflected  stress  for  the  same  test  as  shown  in  Figure  C-2.  Consequently,  the  same 
characteristics  must  be  drawn,  i.e.,  the  same  wave  velocities  apply  and  the  points  of  intersection  of  these  characteristics 
along  the  column  are  the  same  as  in  the  previous  Figure.  In  examining  the  upper  trace,  it  cap  be  seen  that  the  displace¬ 
ment-time  curve  indicates  that  the  piston  accelerates  for  a  period  of  time  and  then  achieves  constant  particle  velocity 
after  600  to  800  which  signifies  that  there  is  no  differential  force  across  the  piston  and,  hence,  that  the  input  end 

of  the  soil  column  is  now  stressed  up  to  the  incident  level.  Thus,  the  rise  time  of  the  incident  wave  at  the  input  end  of 
the  column  is  about  700  psec.  (From  the  upper  trace  of  Figure  C-2,  it  may  be  recalled  that  1  in.  further  downstream,  a 
rise  time  of  600  nsec  was  indicated.)  The  piston,  thenceforth,  is  seen  to  move  with  constant  particle  velocity  until  the 
arrival  of  the  reflected  wave  front. 

The  peak  displacements  in  Figures  C-2  ond  C-3  correspond  roughly  to  the  arrival  of  the  (r^  level  of  stress  in  the 
returning  wave.  Many  oscillations,  that  is  cycles,  of  the  waves  through  the  sample,  occur  before  equilibrium  is  reached. 
They  are  generally  not  recorded,  but  the  equilibrium  conditions  are,  as  indicated  by  the  broken  lines  in  Figure  C-3. 


Examination  of  those  particular  conditions 
shows  the  equilibrium  stress  is  32  psi  and 
the  equilibrium  displacement  of  the  input 
end  of  the  column  is  about  0.080  in.  This 
demonstrates  that  although  a  large  decrease 
in  stress  has  taken  place  (from  the  peak  re¬ 
flected  stress  of  about  85  psi  down  to  32 
psi),  the  displacement  decrease  has  been 
only  about  15  percent.  It  is  clear  that  the 
ratio  of  the  peak  reflected  stress  to  the  in¬ 
cident  stress  (or  equilibrium,  since  the 
input  is  a  step  pulse)  is  given  by  85  32, 

which  once  again  indicates  a  reflection 
factor  of  about  2,7  for  the  particular  case 
shown. 

SUMMARY 

It  has  been  found  in  c  study  of 
shock  loadings  on  granular  m  terials  that 
peek  reflected  stresses  ore  invarinbly 
greater  than  twice  the  inciden  .  resses 
when  the  reflections  occur  at  rigid 
boundary.  The  method  of  characteristics 
has  been  employed  to  follow  soil  response, 
beyond  the  time  at  which  reflections  occur, 
with  a  great  deal  of  success.  Reflection 
phenomena  will  be  of  interest  in  the  study 
of  soil-structure  interoction  where  ihoip- 
fronted  impulsive  loads  occur. 


*The  subscript  o  refen  to  conditions  oheod 
of  the  incident  wove,  i  to  conditions  be¬ 
hind  the  incident  wave,  and  r  to  condi¬ 


tions  behind  the  reflected  wove. 


TIME  (MSEC) 

Fig.  C-3  X-t  Diagram  Indicating  Axial  Stress- Time  and  Displacement- 
Time  Histories  at  the  Locations  Moiked  Along  a  Column  of 
20*30  Ottowo  Sand  at  1 10.0  pcf  Der«ity  for  a  Step  Pulse 
Looding  to  32  psi 
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STATIC  AND  DYNAMIC  CONSTRAINED  MODULI  OF  FRENCHMAN  FLAT  SOILS 

by 

A.  J.  Hendron,  Jr.*  and  M.  T.  Dovisson** 


INTRODUCTION 

The  advent  of  megaton  sized  weapons  has  necessitated  higher  degrees  of  hardness  for  protective  structures.  Design 
requirements  for  hardened  installations  require  that  procedures  be  developed  for  predicting  ground  motions  at  pressure  levels 
on  the  order  of  several  thousands  of  psi.  The  most  versatile  procedure  used  for  predicting  ground  motion  (1)  is  based  on 
observations  at  the  Nevada  Test  Site  at  locations  where  the  overpressures  were  on  the  order  of  hundreds  of  psi .  These 
observations  were  correlated  with  dynamic  constrained  moduli  determined  in  the  laboratory  under  comparable  pressures. 
Because  the  pressures  now  of  interest  are  almost  an  order  of  magnitude  higher,  it  is  desirable  that  the  dynamic  constrained 
moduli  of  various  types  of  soils  be  examined  at  higher  pressures  in  order  to  investigate  the  feof.’bility  of  using  ti  e  present 
ground  motion  prediction  procedures  for  today's  needs.  Since  most  of  the  field  obr.ctrvations  hove  been  made  at  the  Nevoda 
Test  Site,  it  is  of  interest  to  investigate  the  stotic  and  dynamic  behavior  of  Frenchman  Flat  soils  in  one-dimrusional  com¬ 
pression.  The  results  of  both  dynamic  and  static  one-dimensional  compression  tests  on  undisturbed  samples  of  Frenchman 
Flat  silt  are  reported  in  this  paper  and  a  comparison  is  mode  with  the  constrained  moduli  determined  on  Frenchman  i  lat 
soils  by  other  methods. 


SITE  CONDITIONS 

The  site  from  which  the  undisturbed  samples  were  obtained  is  located  approximately  15  miles  north  of  Mercury, 
Nevada,  in  an  areo  Imown  os  Frenchman  Flat.  Three  borings  designated  B~1,  B-2,  and  B-3  were  mode  at  the  site.  B-1  is 
approximately  4,000  fnet  from  B-2,  whereas  B-3,  is  located  between  B-1  ond  B-2  at  a  distance  of  1,000  feet  from  B-1 . 
The  surrounding  topography  is  flat,  dusty  and  no  vegetation  is  visible.  Frenchman  Flat  is  a  playa,  or  an  undrained  desert 
basin.  The  soil  formations  are  typical  of  those  formed  in  desert  environments  involving  desert  type  processes  of  erosion  and 
deposition. 


SOIL  PROFILE 


Soils  Description 

The  soil  may  be  described  generally  os  a  hard  friable  tan  silt  with  varying  structure,  cementation  and  strength. 
According  to  the  Unified  Soil  Classification  System,  the  soil  is  described  os  a  silt  of  low  plosticity,  designated  ML.  In 
situ,  the  soil  is  above  the  water  table  and  is  unsaturated. 

Index  Properties 

Seven  hand  carved  undisturbed  samples  of  Frenchman  Flat  Playa  were  obtained  from  borings  B-1  othI  B-2.  The  sample 
depths,  Atterberg  Limits  ond  moisture-density  data  in  the  as  received  conditions  ore  given  in  Table  I .  The  sample  from 
boring  B-1  at  a  ^pth  of  40  feet  was  non  plastic,  whereas  the  liquid  limits  varied  from  30.7  to  37.5  for  the  other  samples; 
the  plastic  limits  varied  from  23.8  to  30.7.  Considerable  variation  was  observed  in  the  specific  gravity  of  the  soil  solids; 
the  values  varied  from  2.63  to  2.78.  The  natural  moisture  contents  voried  from  8.3  percent  to  16.4  percent  whereas  the 
dry  deruitles  varied  from  71 .9  pcf  to  91 .0  pcf .  Five  of  the  somples  hod  dry  densities  in  the  ronge  from  84  pcf  to  87  pcf . 

The  initial  degrees  of  saturation  voried  from  25  percent  to  47  percent. 

Results  of  unconsolidated  -  undroined  trioxial  tests  ort  each  of  the  seven  somples  of  Playa  silt  are  given  in  Figure  1 
which  indicotes  a  cohesion  intercept  of  8.5  psi  ond  on  ongle  of  Intemol  friction  of  34,9^, 

Elostic  Properties  ond  Seismic  Doto 

Yhe  elastic  properties  of  Frenchman  Flat  silt  were  determined  ot  the  boring  locotiom  from  the  results  of  in  situ 
vibration  tests  and  seismic  compreuion  wove  velocity  determinations.  This  worb  wos  performed  by  the  Waterways  Experiment 
Station  (WES);  o  detailed  description  of  the  procedures  <md  test  results  ore  given  by  Fowler  w>d  Fry  (2).  A  summary  of  the 

*'lst  It.,  U.  S.  Army  Engineer,  Woterwoys  Experiment  Station,  Vicksburg,  Miuiuippi.  Alio  Anistont  Professor  of  Civil 
Engineering,  University  of  Illinois,  Urbono,  Illinois,  On  Military  Leove  of  Absence. 

**Asicciate  Professor  of  Civil  Engineering,  University  of  Illinois,  Urbono,  Illinois. 
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TASLL  I 

IMOtX  PKOPtRTIES  OF  UNDISTURBED  SAMPLES  OF  PLATA  SILT 
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Fig.  I  Modified  MoN-^owlon^  Envelope  for  Ployo  ^ilf 
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Fig.  2  ScK«iTiotic  CrotS'SvcIion  of  OnO'Dimomionoi  Cocnf>r*uion  Appororut 
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contains  the  soil  specimen  and  which  in  turn  is  surrounded  by  on  annular  space  filled  with  oil.  As  the  soil  specimen  is 
stressed  axially,  radial  stresses  are  induced  which  tend  to  increase  the  diameter  of  the  thin  steel  ring.  Any  change  in  dia¬ 
meter  of  the  ring  is  immediately  detected  by  the  circumferential,  metolfilm,  strain  gauges  which  are  mounted  on  the  flexible 
ring  as  shown  in  Figure  2.  In  order  to  maintain  a  condition  of  zero  rodial  strain,  the  oil  pressure  is  modified  with  changes 
in  axial  stress  such  that  the  strain  indicator  remains  at  a  null  position  during  the  test.  In  the  null  position  the  rodial  strains 
are  zero  and  the  oil  pressure  is  equal  to  the  radial  pressure  acting  on  the  soil  specimen.  A  thorough  dixussion  of  the  design, 
calibration,  and  operation  of  the  device  is  given  by  Hendron  (3)  and  the  procedure  developed  for  trimming  undisturbed  soil 
specimens  into  the  apparatus  is  given  by  Hendron  and  Davisson  (4). 


Testing  Procedtx’e 

A  seating  load  of  20  psi 
was  applied  to  each  specimen 
before  zero  readings  were  token 
on  the  dial  irrdicaton  used  to 
measure  the  axial  strain.  A 
deformation  rote  of  approximate¬ 
ly  0.02  inch  per  minute  was 
applied  with  a  compression 
testing  machine.  The  lateral 
stress  was  continuously  odjusted 
to  null  the  radial  strains  os  the 
axial  stress  was  varied.  The 
rodial  stress  and  the  deformation 
were  recorded  at  predetermined 
values  of  the  axial  stress  during 
loading.  During  the  unloading 
phose  of  the  test  the  radial 
stress  and  the  deformation  were 
recorded  simultaneously  at  ^ 

arbitrary  levels  of  axial  stress. 

Stress-StToin  Relationships 

the  oxiol  strea-stroin  « 

curve  for  specimen  B-1-20,  • 

shown  in  Figure  3,  is  typical  ^ 

of  all  seven  static  stress-strain 
curves;  these  curves  are  given  o 

in  Figures  4  and  5  for  borings  ^ 
B-1  ond  B-2,  respectively. 
Initially  the  streu-stroin  curve 
is  concove  downward  until  o 
point  of  inflection  is  reoched, 
labeled  Point  A,  at  which  the 
curve  becomes  concave  upward. 
Therefore,  the  specimen 
initially  increases  in  com¬ 
pressibility  os  the  stress  level 
is  increoaed  up  to  point  A; 
beyond  point  A  the  com- 
preuibiiity  decteoses  as  the 
stress  level  it  increased  up  to 
the  maximum  oxiol  stress 
observed.  The  unioodirtg 
portion  of  the  stress-strain 
curve  it  very  steep  (high 
modulus)  in  the  high  pressure 
ranges,  but  the  modulus  de¬ 
crease  markedly  below  a 
stress  of  opproximotely  200  psi. 


One-Dimensionol  Compreuion 
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Tne  initial  slope  of  the  strew-stroin  curve  is  primarily  a  result  of  cementation  that  is  typical  of  the  soils  ot  the 
Nevoda  test  site;  it  is  also  caused  to  some  extent  by  desiccation.  The  cementation  is  gradually  destroyed  as  the  strain  is 
increased;  therefore  the  stress-strain  diagram  manifests  on  initial  curvottire  which  is  concove  downward.  Neor  the  point  of 
inflection  A,  Figure  3,  the  initial  stiffness  due  to  cementation  is  completely  destroyed  ond  the  slope  of  the  stress-strain 
curve  begins  to  Increase  with  the  stress  level.  The  phenomenon  of  the  slope  of  the  stress-strain  diogram  (tangent  modulus) 
increasing  with  stress  level  is  probably  operative  from  the  initiotion  of  looding,  but  in  the  Nevada  soils  it  is  mosked  olmost 
entirely  by  the  effects  ot 


cementation  .  The  tests  per¬ 
formed  by  Hendron  (3)  on  un¬ 
cemented,  cohesionless  soils 
show  a  concave  upword  stress- 
strain  diagram  throughout  the 
loading  ronge.  It  is  likely  thot 
if  some  cementation  were 
applied  to  the  four  sends  tested 
by  Hendron,  stress-strain  curves 
similar  to  these  for  the  Nevoda 
soils  would  be  obtained. 

In  Table  3  tne  axial 
stress  ond  strain  values  at  the 
inflection  points  A  are 
tabuloted.  The  average  strain 
value  at  point  A  is  approxi¬ 
mately  4  to  5  percent  for  all 
tests  on  undisturijed  samples. 

Tne  dota  given  in  Table  3  for 
tne  samples  from  boring  B-2 
indicate  that  the  stress  levels  in 
at  which  the  inflection  points 
occur  increase  with  depth,  A 
similar  conclusion  could  be 

s/i 

drown  from  boring  B-1  except  ^ 
for  sample  B-1 -40  which  con-  ^ 
tained  considerable  anxjunts  ^ 

of  fine  sond  and  was  less  p 

cemented  thon  Hie  other  i 

samples.  Table  3  olso  lists  ^ 

ttie  maximum  oxial  strains  ond 
the  rotios  of  the  residuol  strain 
to  maximum  stroin  for  all  tests. 
The  maximum  strain  reoched 
ot  the  peak  stress  of  5,460  psi 
rorsgeo  from  22.2  percent  to 
33.8  percent  and  averaged 
2/ .4  percent  for  oil  specimens. 
The  rotio  of  residual  to 
moximum  stroin  voried  from 
0.70  to  0.8'  and  overoged 
0.80  for  oil  specimens. 


Aiiol  Stroin,  tn  /m 

9 


Fig.  4  Stress-Strain  Curve  for  ftoyo  Silt  in 
One-Diniervsionot  Co<ept*tsioi> 
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in  prolectiv*  construction  may  b«  approximated  by  assuming  that  the  dis- 
plocements  occur  in  the  direction  of  stress  wave  propogotion,  ond  that  movements  perpendicular  to  this  direction  are 
negligible.  Under  these  assumed  strain  conditions,  the  constroined  modulus  becomes  the  significont  soil  property  because 
It  controls  the  mognitude  of  the  ground  motions.  A  constrained  secant  mo<julus  of  deformation,  M^j,  is  by  definition  the 
ratio  of  the  axial  stress  to  the  axiol  strain  under  conditions  of  zero  rodioi  strain . 


Constroined  Moduli-Strass  Relationship 
Many  of  the  ground  motion  ^ 


A  typical  plot  of  con¬ 
strained  secant  modulus  versus 
cxial  stress  is  shown  in  Figure 
6  for  sample  B-1-20.  The 
secont  modulus  has  an  initial 
value  at  very  low  stresses  which 
is  believed  to  be  primarily  ^he 
result  of  cementation  and,  to 
a  lesser  extent,  of  preload 
resulting  from  desiccation. 

The  tests  on  the  specimens  from 
borirsg  B-2  show  thot  the  initiol 
values  of  the  secant  modulus 
tend  to  be  essential!/  the  same 
from  depths  of  0  ft  to  20  ft, 
but  irKreose  with  depth  from 
20  ft  to  70  ft;  the  initial 
moduli  ot  20  ft,  40  ft,  orxj 
70  ft  ore  11,800  psi, 

23,600  psi,  orui  30,400  psi, 
respectively.  With  irKteosing  - 
axial  streu  the  secont  modulus  ^ 
decreases  until  a  minimum  * 

value  is  reoched  at  axial  ^ 

stresses  between  200  psi  and  / 
1, 100  psi.  The  axiol  stresses  £ 
ot  which  the  secant  modulus  ^ 
reoches  a  minimum  ore  50  psi, 

500  psi,  7tX)  psi  ond  1 100  psi  © 
for  specimens  B-2-0,  B-2-20,  m 
8-2-40,  snd  B-2-70, 
respectively .  Therefore  the 
oxiol  stress  ct  which  the  secont 
modulus  reoches  a  minimum 
value  increoees  with  depth  ot 
boring  8-2.  The  foregoing 
voriotion  of  modulus  with 
depth  cannot  be  detected  from 
the  test  results  on  specimens 
from  boring  8- 1 . 

Beyond  the  streu  at 
which  the  secont  moduivis 
pastes  through  there 

is  neorly  o  linear  telotiornhip 
between  secont  modulv/t  and 
oxiol  stress.  Furthermore,  ot 
given  voiues  of  the  oxiol  streu 
the  constrained  secont  modulus 


of  the  ursdisturbed  ipoeimens 

w«  found  to  be  doperidont  on  Asiol  StrOiH.  m /in 

the  initial  void  ratio  os  shown 


in  Figure  7.  !n  generol,  the  Fig.  5  Stress-Stroin  Curve  for  Pto/o  Silt  in 

constrained  secant  modulus  One-Dimensional  Compression 
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decreases  af  a  decreasing  rate  as  the  initial  void  ratio  increases  for  all  levels  of  axial  stress  up  to  5,000  psi. 

Axiol  Stress-Rodiol  Stress  Relationships 

Under  corniitions  of  one-dimensional  compression,  radio!  stresses  ore  induced  as  a  result  of  an  increase  in  oxial 
stress.  The  ratio  of  the  effective  radial  stress  to  the  effective  axial  stress  under  conditions  of  zero  rooial  strain  is  defined 
as  the  coefficient  of  earth  pressure  at  rest.  In  this  series  of  static  one~dimensional  tests  fuli  drainoge  could  not  occur; 
therefore,  the  ratio  of  the  rodial  stress  and  axial  stress  determined  during  the  test  is  essentially  in  terms  of  total  stresses. 
The  symbol  Kq  Is  used  herein  to  represent  the  ratio  of  radial  stress  *0  axiol  stress  on  o  total  stress  basis  although  it  is 
normally  used  as  an  effective  stress  relationship. 

A  typical  relationship  of  the  axial  and  radial  stresses  for  the  static  tests  is  shown  on  Figure  8  for  specimen  B-1-70, 
Throughout  the  entire  range  of  loading  the  relationship  is  essentially  a  strolght  line;  the  slope  ronges  between  0.47  ond 
0.56,  It  IS  believed  that  for  all  tests  except  B-2-70  and  the  remolded  specimen  the  relationship  is  probably  close  to  an 
effective  stress  relationship  because  there  is  no  tendency  for  the  slope  to  increase.  The  values  of  for  the  loading 
portion  of  each  test  are  given  in  Table  3. 

As  unloading  begins  the  radial  stresses  are  reduced  at  a  slower  rote  lhan  the  axial  stress;  this  results  in  a  concave 
downward  curve  that  lies  above  the  loading  curve  as  shown  on  Figure  8.  At  lower  pressures,  below  approximately 
1,000  psi,  Kq  generally  exceeds  unity  and  increases  to  values  In  excess  of  3  or  all  specimens  at  an  axial  stress  of  250  psi. 
The  residual  radial  stress  varied  from  150  psi  to  350  psi  for  oil  samples  upon  complete  removal  of  the  axial  stress. 

The  axial  stress-radial  stress  relationship  for  test  B-2-70  shows  o  definite  tendency  for  the  rodial  stress  to  increase 
rapidly  in  the  latter  stages  of  loading.  This  is  consistent  with  the  high  degrees  of  saturation  that  ore  obtained  (95  percent) 
at  the  maximum  stress,  as  given  on  Table  3.  The  effect  of  the  degree  of  saturotion  00  is  shown  on  Figure  9  for  a  test 
conducted  on  remolded  ployo  silt.  At  saturations  below  80  percent  is  constant  (0.51),  but  os  the  degree  of  saturation 
approaches  85  percent  Kq  begins  to  increase  rapidly  with  the  degree  of  saturation.  A  more  sensitive  indicator  of  the  effect 
of  the  degree  of  saturation  is  the  rate  of  change  of  the  radial  stress  with  respect  to  the  oxia!  stres'  ot  a  given  degree  of 
saturation;  this  relationship  is  olso  shown  on  Figure  9.  At  a  saturotion  of  99,6  percent  the  rate  cf  change  of  radial  stress 
with  respect  to  axial  stress  was  measured  to  be  1 ,01;  this  is  indicative  of  experimentol  error  becouse  tire  rmximum  voiue 
cannot  exceed  unity. 
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Th«  co«ffici«nt  of  •orth  preuure  at  rest  is  often  related  to  a  pseudo-Poisson's  ratio  for  soil  by  the  relationship 
Kq  =  or  +  Ko*  '^0^0®*  of  pseudo-Poisson's  ratio  for  all  tests  are  given  in  Table  3;  they  vary 

from  0.32  to  0.36. 

THE  BEHAVIOR  OF  PLAYA  SILT  LOADED  DYNAMICALLY  IN 
ONE-DIMENSIONAL  COMPRESSION 


General 

Dynamic  one-dimensionol  compression  tests  were  performed  on  specimens  from  each  of  the  seven  undisturbed  samples 
Fumishe-d  for  this  study.  The  test  specimen  designotions  are  the  some  as  those  for  the  static  test  series.  An  additional 
test  was  performed  on  a  second  specimen  carved  from  sample  B-2-70.  Therefore,  two  designations  are  used  for  the  specimens 
from  boring  B-2  at  a  depth  of  70  ft;  these  are  B-2-70a  and  B-2-70b. 

Tne  axial  stress-strain  behavior  and  the  radial  stress  concomitant  with  limited  radial  strains  were  measured  to  axial 
stress  levels  varying  from  3,900  psi  to  20,300  psi.  Descriptions  of  both  the  apparatus  and  the  experimental  procedures  are 
given  below.  Two  different  loading  machines  were  used;  one  is  denoted  as  dynamic  whereas  the  other  is  denoted  as  rapid. 


Apparotus 

A  4-inch  diameter  steel  ring  with  a  height  of  one  inch  is  used  to  confine  the  test  srjec'men,  in  order  to  limit  the 
amount  of  radial  strain  irxluced  by  an  applied  axial  stress,  the  thickness  of  the  ring  in  the  radial  direction  adjusted  for 


the  range  of  radial  stresses  that  will  be  imposed.  It  is  desirable  to  maintain  the  radial  strains  in  a  null  position,  as  was 
accomplished  in  the  static  tests,  but  this  is  not  presently  proctical  in  a  dynamic  test;  therefore,  limited  amounts  of  radial 


Fig.  9  The  Relationship  Between  the  Coefficient  of  Earth  Pressure  at  Rest 
and  Degree  of  Saturation  for  Remolded  Piaya  Silt 
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strain  are  allowed  to  occurc  SR-4  gauges  were  mounted  on  the  outside  of  the  ring  to  detect  the  radial  strains  and  furnish 
a  means  of  determining  the  radial  stress. 

The  essential  feature  of  the  rapid  loading  machine  is  that  it  will  apply  an  axial  compressive  lood  of  a  predetermined 
magnitude  on  the  specimen  in  the  confining  ring  in  approximately  0.1  second.  A  schematic  of  the  rapid  loading  machine 
is  shown  in  Figure  10.  It  is  essentially  a  hydraulic  ram  mounted  in  a  frame;  the  load  is  applied  rapidly  by  vigorously 
operating  a  lever  valve  that  connects  the  hydraulic  ram  to  a  reservoir  of  oil  subjected  to  high  pressure  fro”'  ,  neumatic 
source.  The  load  sensing  element  is  a  hollow  steel  cylinder  equipped  with  SR-4  gauges.  Axial  deformations  were  measured 
with  a  linear  variable  differential  transformer. 

The  test  results  obtained  for  specimen  B-2-40  in  the  rapid  test  machine  are  presented  on  Figure  1 1 .  The  axial  and 
radial  stresses  and  the  axial  strain  have  been  plotted  agoinst  time  expressed  in  milliseconds.  The  curves  are  for  the  initial 
portion  of  the  test,  but  they  also  include  a  considerable  amount  of  the  steady-state  or  constant-load  port  of  the  test.  The 
data  were  obtained  from  FM  magnetic  tape  recordings.  In  addition,  oscillograph  traces  were  obtained,  but  these  ore  not 
as  accurate  nor  do  they  have  the  frequency  response  of  the  FM  tape  system.  Fron.  the  data  in  Table  4  it  is  seen  that  the 
load  increased  bom  zero  iu  its  peak  value  in  128  milliseconds;  in  addition,  it  remained  on  the  specimen  for  514  milli¬ 
seconds  (dwell  rime)  and  was  decayed  to  zero  in  86  milliseconds.  By  summing  these  time  intervals  the  duration  of  the 
test  becomes  728  milliseconds. 

The  essential  features  of  the  dynamic  loader  are  the  same  as  those  for  the  rapid  loader  except  for  the  mechanism 
that  produces  the  dynamic  load.  It  is  possible  to  apply  the  full  load  in  approximately  3  milliseconds  with  the  dynamic 
loader.  The  axial  and  radial  stress  and  axial  strain  instrumentation  are  the  same  as  used  for  the  rapid  loading  machine. 

The  loading  device  itself  is  entirely  pneumatic.  As  shown  in  Figure  12,  pneumatic  pressure  is  stored  in  a  chamber  equipped 
with  a  rapid  opening  valve.  At  the  start  of  the  test  the  valve  is  <^ned  and  the  stored  pneumatic  pressure  escapes  and 
exerts  a  downward  pressure  on  the  piston  which  loads  the  dynamometer  ond  the  soil  specimen.  The  load  is  decayed  by 
operating  another  rapid  opening  valve  that  vents  the  pneumatic  pressure  to  the  atmosphere.  Further  details  of  the  looding 
equipment  are  described  by  Sinnamon  and  McVinnie  (5),  and  Kane,  Davisson,  Olson  and  Sinnamon  (6). 

The  axial  and  radial  stresses  and  the  axial  strain  have  been  plotted  against  time  for  test  specimen  B-1-0  on 
Figure  13.  In  order  to  magnify  the  phenomena  which  occur  at  early  times,  only  the  first  15  milliseconds  of  the  test  data 
taken  from  the  FM  tape  recording  have  been  shown. 


Fig.  10  Schemotic  of  Rapid  Looding  Mochine 
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Test  Procedure 

In  the  rapid  looding  machine  a  seating  load  of  approximately  1  to  2  psi  was  applied  to  each  specimen  before 
recording  either  the  calibratiom  or  the  zero  reodings.  The  choracteristics  of  the  dynamic  loading  machine,  however,  re¬ 
quired  a  seating  load  of  approximately  120  psi  on  the  specimen  before  the  zero  determinations  could  be  made  for  axial 
strain.  No  attempt  has  been  mode  to  correct  the  test  data  for  the  rather  high  seating  load  that  was  applied. 


for  the  eight  dynamic  and  rapid  tests  are  shown  in  Figures  14  and  15.  Using  specimen 
B-1-0  os  an  example,  it  is  observed  that  the  shess-stroin  relationship  is  concave  downward  until  o  stress  of  approximately 
1,000  psi  ond  a  strain  of  approximately  4  percent  is  reoched  at  the  point  of  inflection  A.  Beyond  point  A  the  stress-stroin 
Curve  is  concave  upwara  in  a  manner  similar  to  that  for  the  static  tests.  The  rebound  or  decay  portion  of  the  stress  strain 
curve  has  a  steep  slope  (high  modulus)  slope  down  to  stresses  on  the  order  of  100  psi  to  1,000  psi.  Below  stress  levels  from 
100  psi  to  1,000  psi  the  slope  of  the  curve  decreases  markedly  (low  modulus)  os  the  stress  decreases.  The  residual  strains 
vary  from  77  poicent  to  91  percent  of  the  maximum  (steody  state)  strains  ond  overage  83  percent;  the  stroin  data  are  listed 
in  Table  4. 

A  summary  of  the  dynamic  and  rapid  test  data  including:  the  rise,  dwell  and  decay  times;  the  axial  stresses,  strains 
and  degrees  of  saturation  at  the  peak  axial  stress;  and  the  steady-state  stresses  ortd  strains  is  presented  in  Table  4.  It  is 
noted  that  for  sample  B-1-0  a  peak  stress  of  20,300  psi  was  recorded  olthough  the  steody-state  stress  was  only  8,200  psi . 
Therefore,  an  overshoot  eq’jol  to  opproximctely  150  percent  of  the  steody-state  stress  occurs.  For  the  other  dynamic  tests 
the  overshoot  variw  between  approximately  100  percent  and  200  percent.  Because  the  overshoot  of  the  gas  loading  on  the 
piston  surface  has  been  shown  by  Sinnamon  and  McVinnie  (3)  to  be  on  the  order  of  20  percent  to  25  percent  of  the  steady- 
state  stress,  it  must  be  coricluded  that  the  high  observed  overshoots  are  o  function  of  the  mass  of  the  piston  and  the  stress- 
strain  properties  of  the  specimen.  The  weight  of  the  piston  assembly  is  approximately  150  lbs. 

On  Figure  13  it  con  be  seen  that  approximately  80  percent  of  the  steody-state  stroin  occurs  ot  the  time  of  tl)e  first 
stress  peak  (3.1  milliseconds).  The  remaining  20  percent  stroin  occurs  in  the  next  2  milliseconds  and  no  significant  increase 


Stress-Stroin  Relotionships 

The  stress-strain  relationships 
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in  strain  occurs  thereofter.  It  is  probable  that  if  the  steady-state  stress  could  hcve  been  apnlled  without  the  overshoot 
occurring,  a  lower  steady-stote  strain  would  hove  been  observed.  In  this  case  the  strain  rer.ronse  would  probably  have  been 
more  like  that  observed  for  specimen  B-2-40  on  Figure  1 !  where  a  rise  time  of  approximately  100  to  150  milliseconds  was 
required  for  the  stress  and  the  strain  to  be  in  phase.  It  is  believed  thot  the  stress  overshoot  induce;  stroins  beyond  those 
that  would  occur  if  the  steady-state  stress  were  applied  without  overshoot.  Therefore,  high  overshoots  hove  the  effect  of 
forcing  the  steody-state  stroin  to  be  nearly  in  phase  with  the  applied  stress,  but  lagging  !■  somewhat,  in  this  instance  by 
2  milliseconds. 

Constroined  Modulus-Stress  Relotionships 

The  dynamic  and  rapid  secant  moduli  hove  been  determined  from  the  stress-stroin  curves  and  are  presented  on 
Figures  16  and  17.  Considering  the  shape  of  the  stress-strain  curves  it  is  clear  thot  t' e  initial  secant  modulus  should  be 
very  nearly  the  modulus  determined  from  seismic  ond  vibration  investigations.  Becouse  of  the  concove  downward  stress- 
strain  relotionship,  the  secant  modulus  decreoses  until  the  point  of  inflection  A  is  passed.  Beyond  point  A  the  modulus 
begins  to  increase  continuously  with  increases  in  axial  stress.  It  is  noted  that  a  srioight  line  approximates  the  secant 
modulus  -  oxial  stress  relationship  between  axial  stresses  of  2,000  psi  ond  10,000  psi  for  oil  8  tests;  if  specimens  B-1-0  and 
B-2-70b  are  excluded,  the  secant  modulus-stress  relationship  is  neorly  linear  between  ’,000  psi  ond  10,000  psi. 

The  stress  at  o  given  strain  in  a  dynamic  test  is  approximately  twice  that  observed  for  a  static  test  on  the  correspond¬ 
ing  specimen;  therefore,  the  secant  modulus  in  a  dynamic  test  is  also  appro;:irriately  rwice  that  for  a  static  test  (or  o  rapid 
test).  This  pherK>rnenon  is  a  function  of  the  permeability  of  the  soil  and  the  initial  degree  of  saturation.  In  the  dynamic 
tests  the  air  and  water  in  the  soil  voids  do  not  have  time  to  odjust  geometrically  to  the  applied  strains  os  the  soil  skeleton 
is  stressed.  This  causes  a  transient  pore  pressure  which  has  a  variable  magnitude  from  void  to  void.  Part  of  the  observed 
soil  stiffness  is,  therefore,  due  to  the  high  bulk  modulus  of  the  woter  in  the  soil  voids.  In  the  rapid  tests  sufficient  time 
was  available  for  partial  air  drainage  ar>d  at  least  partial  redistribution  ct  the  pore  water  in  the  voids;  therefore,  the 
observed  moduli  were  lower  than  those  from  the  dynamic  tests. 

TABLE  4 

SUMAAARY  OF  DYNAMIC  AND  RAPID  TLST  DATA 


*  Does  not  include  120  psi  seating  lood. 
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Fig.  12  SkH«matic  of  Oynomic  Looding  Mochin* 


86 


WAVE  PROPAGATION 


th«  ratio  of  the  radial  stress  to  the  axial  stress  is  called  it  should  be  noted  that  this 
ratio  as  refeired  to  herein  is  based  on  total  stresses,  not  effective  stresses.  The  subscript  zero  usually  denotes  thot  no 
radial  strains  ore  involved;  however,  in  the  dynamic  tests  limited  radial  strains  were  allowed  to  occur.  A  summary  of  the 
Kjj  data  upon  initial  loading  is  given  in  Table  4.  The  values  generally  range  between  0.5  ond  0.6  for  axial  shess  levels 
below  5,000  psi. 

Because  of  the  large  axial  strains,  on  the  order  of  20  to  30  percent,  a  correction  was  applied  to  the  measured 
radial  strains  in  order  to  obtain  the  rodiai  stresses  believed  to  be  more  representative.  Because  a  thick  ring  is  used  os  the 
radial  strain  sensing  element,  it  is  possible  to  have  several  pressure  conditions  or.  the  inside  of  the  ring  that  produce  the 
some  response  in  the  strain  gauges  on  the  perimeter  of  the  ring.  For  this  reason,  the  confining  ring  is  essentially  a  load 
measuring  device.  An  attempt  to  correct  the  measured  radial  streu  has  been  made  by  dividing  the  lood  determined  from 
a  hydraulic  calibration  by  the  actuol  area  of  the  specimen.  This  amounts  to  dividing  the  indicated  radial  stress  by  the 
quantity,  1  -  €  . 

The  K  daH  for  sample  B>1-0  is  given  in  Figure  18.  The  loading  portion  of  the  curve  Is  neorly  linear  to  the  peak 
stress  of  20, 3w  psi.  On  this  portion  of  the  curve  has  a  value  of  0.59.  Upon  unloading,  the  value  of  increases 
as  shown  by  the  solid  line.  This  is  in  occordonce  with  the  behavior  of  soil  specimens  loaded  statically. 

The  dashed  line  indicates  that  several  oscillations  occur  in  this  area.  The  solid  line  returning  to  zero  oxial 
stress  is  determined  from  the  unlooding  portiori  of  the  radial  stress  and  axial  stress  versus  time  records. 


Axiol  Stress-Rodial  Relotionshipi 
At  any  given  stress  level 


Tig.  13  Oynemic  Test  Doto 
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INTERPRETATION  OF  TEST  RESULTS 


Gonerol 

In  interpreting  ttie  data  it  is  recognized  tF.at  tfte  constrained  modulus  is  the  most  important  quantify  under  con¬ 
sideration.  Alio  of  importance  ore  the  values  of  because  lateral  pressure  predictions  are  also  necessary  for  the  desigi 
of  underground  protective  structures,  in  the  lower  pressure  ranges,  the  point  of  inflection  A  on  the  stress-strcin  curves 
moy  have  considerable 


significance  with  respect  to 
stress  attenuation.  For  these 
purposes  the  seismic  and 
vibration  dato,  ond  the  static, 
rapid  and  dynamic  one- 
dimensionol  compression  tests 
hove  been  considered  together 
in  order  to  develop  a  unified 
picture  of  the  behavior  of 
ployo  silt. 

It  must  be  remembered 
that  the  data  under  consider¬ 
ation  ore  from  two  different 
borings  approximately  4C00  ft 
opart.  Even  though  the  soil 
deposit  is  uniform  in  a  given 
horizon  at  compared  to  most 
soil  profiles,  there  ore 
variations  from  specimen  to 
specimen  that  mohe  the  inter¬ 
pretation  of  the  test  results  o  ^ 
matter  of  considerable 
individual  judgment.  Further-  o 
more,  at  least  two  or  three  ^ 
distinct  soil  layers  hove  been  ^ 
detected  at  the  Nevoda  Tes*  v 

Site  as  evidenced  by  the  data  - 
in  Toble  2.  Within  eoch  of  ^ 
these  distinct  soil  layers  o 

there  ore  variations  in  the  soil  ■* 
grodotion  within  o  distonce  of 
a  few  inches  vertically. 

Therefore,  it  is  clear  that 
correlotion  for  this  porticuler 
soil  for  which  generalizations 
con  be  mode  will  be  crude 
becouse  the  test  specimens 
ore  themselves  o  variable. 

Secant  Modulus 

A  cor^wison  of  the 
secant  moduli  determined  from 
the  rapid  and  stah'c  tests  is 
given  on  Figure  19  for  stress 
levels  up  to  5,000  psi.  There 
Is  nearly  o  I  to  I  corre- 
ipondence  betwev)  the  static 
ond  rapid  tests.  A  similar 


contpori son  has  been  mode  on  Anal  SffOtn,  m /m 

Figure  20  for  the  secant  moduli 

from  dynomte  ond  static  tests.  Fig.  i4  Strett-Strein  Curve  for  Ployo  Silt  in 


The  doto  suggest  that  the 


One-Dimensionoi  Compreuion 
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dynomic  moduli  ore  on  the  order  of  1 .85  the  static  moduli  up  K>  on  axiol  streu  level  of  5,000  psi.  The  above  comparison 
between  stotic  tests  and  dynamic  tests  indicates  that  for  rise  times  on  fhe  order  of  2  to  3  milliseconds  the  soil  stiffness  is 
approximately  doubled.  Furthermore,  for  the  three  rapid  tests  with  rise  times  between  !00  ond  150  milliseconds  the  rcs<.(lt$ 
were  nearly  the  same  os  for  the  static  tests. 

Secant  moduli-axial  stress  relationships  ore  shown  for  all  tests  in  Figure  21.  The  results  from  tf*  static  ond  ropid 
tests  fall  within  a  relatively  norrow  bond.  The  lirse  that  hos  been  selected  to  lepresent  this  band  is  given  by 


^  *000  +  3o-g.  This 
equation  is  not  valid  for  axial 
slress'is  below  lOClOpsi.  Al- 
t!.*uyh  the  static  tests  were  not 
uoirieu  tu  ar.  axial  stress 
beyond  5,500  psi,  it  is  be¬ 
lieved  thot  the  relationship 
would  be  valid  to  a  stress  of 
10,000  psi;  this  conclusion  is 
based  upon  the  results  of  the 
dynamic  ond  rapid  tests  which 
indicate  linearity  up  to 
10,000  psi.  In  a  similar 
manner,  the  dynamic  moduli 
have  been  plotted  versus  the 
axial  stress.  Instead  of  fallirsg 
within  a  narrow  bond,  the 
data  tend  to  diverge  os  the 
axial  stress  is  increosed.  A 
dashed  line  with  ordirsates 
1 .85  times  the  ordinates  of  the 
line  used  to  represent  the 
static  and  rapid  tests  is  shown 
in  Figure  21  for  comporison 
with  the  dyrsamic  data.  A 
slightly  different  lirse  with  the 
equation  =  13,000  ♦  * 
has  been  selected  to  represent 
the  dynamic  test  data.  This 
relationship  is  sralid  in  the 
axial  strms  rorsge  from  2,000 
psi  to  10,000  psi.  For  three 
of  the  five  dynamic  tests,  the 
relationship  would  be  valid 
down  to  1,000  psi.  The  fore- 
goirsg  information  leods 
directly  to  o  simple  procedure 
for  selecting  o  constroined 
secont  modulus  for  ground 
motion  studies  Ot  the  Nevada 
Test  Site  for  streu  levels 
beyond  l,0CI0pti.  Becouse  the 
soils  of  the  Nevodo  Test  Site 
ore  above  the  water  toble,  and 
hove  o  very  low  degree  of 
soturation,  o  rapid  increose  in 
the  secont  modulus  with  in¬ 
creasing  oxioi  streu  is  not 
detected  until  streu  levels 
beyond  IO,iXiO  psi  ore  reoched. 
This  situntion  is  believed  to  be 
peculior  to  the  Nevodo  Test 
Site;  for  more  normal  soil 
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’  o 


Fig.  15  Streu-Stroin  Curve  for  Ployo  Silt  in 
One-Oimernior>ot  Compreuion 


89 


SOIL -STRUCTURE  INTERACTION 


profiles  if  is  proboble  that  fhe  secant  modulus  wooid  increose  rapid!/  with  increases  in  oxiol  stress  at  much  lower  stress 
levels  because  the  initial  degree  of  saturation  is  higher. 

At  stress  levels  near  zero  the  secant  modulus,  and  also  the  tangent  rrodulus,  ould  prob<^i/  be  extrapolated  to 
zefc  stress  at  a  rnodutus  equal  to  th<jt  determined  by  seismic  or  vibrational  tecf.niques.  Considering  this  interpretation  it 
is  clear  that  a  significant  decrease  in  the  secant  modulus  ta-ses  place  during  loading  at  stress  levels  below  ’,000  psi .  If 
the  minirTHjm  points  on  the  secont  modulus-axial  stress  relotionships  are  compored  to  the  oxxluli  determined  by  seismic 
techniques,  it  is  seen  that  the  secant  moduli  ore  on  the  orde*’  of  !0  percent  to  20  percent  of  the  seismic  modulus.  At  the 
Nevoaj  Test  Site,  soil  stresses  beyorsd  the  10,000  psi  to  15,000  psi  range  w,,  jid  be  necessary  before  the  secant  modulus 
would  again  become  os  high  tis  thot  determined  from  seismic  invesligotiors. 

Significonce  of  Stroin 

As  menfioi  ed  previously  ?he  secanf  moduli  determined  from  dynamic  tests  are  approximately  85  percent  higher 
then  the  corresponding  secant  rvxxluli  from  static  tests.  However,  strains  at  tne  point  of  inflection  A  for  both  the 
static  ond  d,  nonic  stress-strain  curves  ore  in  the  range  of  4  percent  to  5  percent.  At  the  Nevodo  Test  Site  it  is 
believed  thot  the  points  of  inflsiction  may  be  controlled  by  cementotion  more  than  it  is  by  desiccation  or  preloading. 

.An  :nterpretation  of  the  observed  pKe<x>mena  is  tnot  a  strain  on  the  order  of  4  percent  to  5  percent  is  required  to 
destroy  the  effects  of  cementotion  ord/or  preload  ond  desiccation.  After  the  effects  of  cementotion  hove  been 


fig.  (6  The  Relotiorsship  &«Nkeen  Cerntrained  Modulus  ond  Axiol  Stress 
for  Rloyo  Silt  in  One-Oimensional  CoiSn;retiior 
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dest''oyed,  the  stress-strain  curve  is  concove  upward  as  observed  in  tests  on  granular  ncterials  without  cementotion. 
Therefore,  at  low  axial  stress  levels,  groduol  destruction  of  the  cementation  ond/or  prelood  or  desiccation  effects  cause 
the  tangent  modulus  to  dec.ease  with  an  increase  in  the  axial  stres.  jp  to  the  point  of  inflection  A.  Beyond  point  A  the 
tongent  modulus  increases  which  gives  a  concave  upword  stress-strain  curve.  For  predicfi.ng  ground  motions  at  low  stress 
levels,  the  reversed  curvature  of  the  stress-strain  curve  is  significant.  However,  beyond  the  point  of  inflection,  at 
higher  stress  levels,  the  reverse  curv  ♦ure  at  the  lower  stress  levels  is  not  significont  except  that  it  causes  an  increase  in 
the  rise  time  of  the  oressure  time  curve  with  depth. 

Another  interesting  strain  phenomenon  is  observed  when  the  residual  strains  are  compored  to  the  maximum  strains. 

In  the  static  ;.ists  the  residual  strains  overoged  opproximately  80  percent  of  the  maximum  strains,  whereas  in  the  dynomic 
tests  the  residual  strains  were  83  percent  of  the  steody  state  strains. 

RodicI  Stresses 

Gn  Figure  22  a  comparison  has  been  mode  between  the  Kq  values  from  the  static  ond  dynamic  tests  in  the  stress 
range  from  zero  to  5,000  psi.  It  is  observed  that  the  dynamic  volues  are  approximately  10  percent  higher  thon  the 
correspcrxiing  static  values.  For  practical  purposes  there  is  essentially  no  difference  in  the  K^-values;  they  ronge  between 
0.47  atKi  0.55  for  the  static  tests  ond  0.46  to  0.60  for  tne  dynamic  tejrs.  An  overoge  value  for  between  0.50  ond  0.55 


Fig.  17  He  Relotioi'ship  Serween  Constroined  Modulus  ond  Axiol  Stress 
for  Ployo  Silt  in  Cne-Oimensionol  Compreuiors 
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Fig.  18  Relationship  Between  Axial  and  Radial  Stress  for  Ployo  Silt 
in  One-Dimensional  Compression 
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Constrained  Secant  Moduli  From  Stotic  Tests,  1000  ps: 
Fig«  19  A  Comparison  of  Secant  Moduli  from  Rapid  ond  Static  Tests 
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would  be  sotisfcKiory  for  both  rhe  stofic  and  dynamic  tesfs  in  rhe  zero  to  5,000  psi  axial  stress  range. 

For  the  remolded  specimen  tested  staticoHy,  and  for  the  dynomic  tests  on  specimens  B-2-70q  and  B"2-70b,  it  was 
otiserved  that  the  K  -"/alues  tend  to  increase  when  the  degree  of  saturation  reaches  the  range  of  80  o  85  percent.  This 
phenorrenon  occur,  becouse  the  air  permeability  of  the  soil  vastly  dectcjsed  or  high  degrees  of  saturation  ond  the  air 
becomes  trapped.  Consequently,  odditiona!  increments  of  axial  stress  induce  totol  radiol  stress  increments  that  tend  to 
approach  the  increose  in  axial  stress.  At  sites  that  hove  more  typical  soil  conditions  thon  those  occurring  at  the  Nevodo 
Test  bite  (i.e,,  a  degree  of  saturation  in  excess  of  80  percent),  higher  K^-volues  ore  likely  to  be  observed  below  an 
axial  stress  level  of  5,000  ■-.si  than  were  observed  for  the  tests  presented  herein. 


Constroined  Modulus-Depth  Relotionship  ot  the  Nevodo  Test  Site 

There  are  two  r  three  distinct  soil  layers  at  the  Nevada  Test  Site  with  eoch  loyer  itself  having  naturol  variations 
in  its  engineering  properties.  These  variations  are  illustrated  on  Figure  23  wherein  the  following  hove  been  plotted:  the 
ii'titial  constrained  moduli  for  the  static,  dynamic  and  rapid  one-^imen.sional  tests;  the  constrained  nwduius  computed  from 
seismic  velocities  and  from  the  elastic  constants  determined  with  the  aid  of  field  and  laboratory  vibrotion  tests.  The 
dashed  line  indicates  that  the  seismic  modulus  is  on  the  order  of  25,000  psi  for  the  first  20  ft,  but  that  it  hos  a  value  of 
approximotely  180,000  psi  below  a  depth  of  20  ft.  The  Young's  modulus  determined  with  the  aid  of  the  field  vibration 
test  has  a  value  of  5,000  psi  at  the  ground  surface,  but  is  believed  generally  to  increase  somewhat  with  depth;  at  a  depth 
of  20  ft  it  has  a  val  e  of  40,000  psi  increasing  to  approximately  65,000  psi  at  a  depth  of  40  ft.  The  constrained  modulus 
computed  from  the  /oung's  modulus  would  be  approximately  twice  the  value  of  Young's  modulus;  therefore,  points  hove 
been  shown  at  10,000  psi  at  o  depth  of  zero  ft  and  at  80,000  psi  ond  130,000  psi  at  depths  of  20  ft  and  40  ft, 
respectively.  It  should  be  noted  that  the  constrained  moduli  determined  from  vibration  techniques  ore  less  than  half  those 


computed  from  seismic 
techniques,  except  at  a 
depth  of  40  ft - 

The  constrained 
modulus  computed  from 
Wilson's  Icboratory  vibrotion 
test  (I)  ij  higher  than  the 
seismic  modulus  in  the  upper 
20  ft  of  the  soil  profile  ,  It 
is  believed  that  this  phenome¬ 
non  occurs  because  the  con¬ 
fining  pressure  applied  in 
the  laborotory  causes  a  higher 
modulus  to  be  observed  than 
occurs  in  the  field  where  the 
natural  material  is  fissured. 
Below  u  depth  of  20  ft  the 
vibration  tests  exhibit  a 
modulus  on  the  order  of  1/4 
to  1/3  of  the  seismic  modulus. 

The  initial*  con¬ 
strained  secant  modulus  deter¬ 
mined  from  the  static,  rapid 
and  dynamic  one-dimensional 
tests,  have  been  plotted  on 
Figure  23  for  comparison. 

The  initial  secant  modulus 
for  the  static  and  rapid  tests 
are  on  the  order  of  8  to  15 
percent  of  the  seismic 
modulus,  whereas  the  dynamic 
moduli  are  on  the  order  of 
15  to  30  percent  of  the 


ie  initial  constrained 


a 

O 

o 

o 

«> 


u 

e 

o 

c 

>. 

o 

E 

o 

k. 

u. 


3 

TJ 

O 

s 


c 

o 

o 

« 

tn 


TJ 

o 

c 

6 


« 

g 

o 


secant  modulus  is  determined  Constrained  Secant  Moduli  From  Static  Tests,  lOOO  psi. 


at  axial  stress  levels  below 
200  psi . 


Fig.  20  A  Comparison  of  Secant  Moduli 
from  Static  and  Dynomic  Tests 
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Mismic  modulus.  It  Is  also  noted  that  the  constroined  modulus  at  the  ground  surface  determined  from  Wilson's  laboratory 
vibration  test  is  very  close  to  that  determined  initially  in  the  dynamic  crits-dimensional  test. 

On  Figure  24  the  secant  moduli  at  on  axial  stress  of  1,000  psi  have  been  plotted  for  the  static,  rapid  and  dynamic 
one-dimensional  tests.  The  Young's  modulus  and  constrained  modulus  from  the  field  vibration  and  seismic  tests,  and  from 
Wilson's  laboratory  tests,  have  also  been  plotted  for  comparison.  At  this  stress  level  the  dynamic  constrained  moduli  are  on 
the  order  of  10  percent  to  15  percent  of  the  moduli  dett^'mined  from  seismic  investigations,  whereas  the  static  moduli  are  on 
the  order  of  4  percent  to  8  percent  of  the  seismic  moduli.  The  dynamic  moduli  are  also  approximately  50  percent  of  the 
moduli  determined  in  the  Wilson  vibrotion  apporahjs.  At  the  Nevada  Test  Site  stress  levels  beyond  10,000  to  15,000  psi 
will  be  required  before  the  dynamic  secant  moduli  equator  exceed  those  determined  by  the  Wilson  device,  or  by  seismic 
means.  Clearly,  the  use  of  moduli  determined  from  laboratory  vibration  tests  and  from  seismic  investigations  requires  con¬ 
siderable  adjustment  tc  occount  for  the  stress  level  that  will  occur  in  the  field. 

Selection  of  Modulus  for  Ground  Motion  Studies  at  the  Nevada  Test  Site 

At  very  low  stress  levels  it  is  apparent  that  moduli  determinations  from  field  or  laboratory  vibration  tests,  and  from 
field  seismic  investigations,  ore  useful.  However,  as  the  stress  level  is  increased  the  percentage  of  the  seismic  modulus 
utilized  most  be  decreased  in  order  to  account  for  the  behavior  of  the  soil  at  stress  level'  higher  them  that  involved  in 
seismic  and  vibratory  investigations.  A  better  procedure  would  be  to  determine  directly  the  variation  in  the  secant  modulus 
with  the  stress  level  from  dynamic  one-dimensional  compression  tests. 

At  stress  levels  beyond  the  complications  of  the  stress-strain  curve  caused  by  cementation,  desiccation,  or  preload, 
a  very  simple  approximote  procedure  determined  on  the  basis  of  the  tests  presented  herein  can  be  used  to  select  the  con¬ 
strained  modulus  for  ground  motion  studies  at  the  Nevada  T^st  Site.  The  equation  (Figure  21)  for  the  dynomic  modulus 
=  13,000  +  4  0"^  may  be  used  for  stress  levels  between  1,000  psi  to  2,000  psi  and  10,000  psi.  Another  simple  pro- 
ceoure  would  be  to  use  twice  the  modulus  observed  in  static  one-dimensional  tests.  Note  that  these  empirical  correlations 
disregard  the  point  of  inflection  observed  at  low  stress  levels;  they  also  disregard  any  variation  in  the  modulus  with  respect 
to  depth.  If  the  moduli  for  higher  stress  levels  are  plotted  versus  depth  it  will  be  seen  that  there  is  a  tendency  for  the 


Fig.  21  The  Relationship  Between  Static,  Rapid  and  Dynamic 
Constrained  Secant  Moduli  with  Axial  Stress 
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moduli  to  become  nearly  constant  with  respect  to  depth.  This  is  reosonoble  ccaisidering  that  the  effects  of  cementation, 
desiccoticn  and  preload  ore  negligible  with  respect  to  the  stress  level  that  is  applied.  However,  if  the  details  of  stress 
wave  propagation  are  to  be  considered  in  ground  motion  studies,  then  the  actual  shape  of  the  stress-stroin  curve  will  hove 
to  be  considered. 


CONCLUSIONS 

At  a  given  stress  level  the  dynamic  constrained  modulus  (rise  time  of  2-3  milliseconds)  is  approximotely  twice  the 
static  modulus.  However,  for  rise  times  of  100  milliseconds  or  longer  the  modulus  is  essentially  equal  to  the  undrained 
static  modulus. 

The  constrained  modulus  is  strongly  dependent  on  the  stress  level.  At  low  stress  levels,  on  the  order  of  severol  psi, 
the  modulus  is  essentially  equal  to  that  determined  by  vibration  tests,  or  even  seismic  techniques.  As  the  stress  level  is 
increased  the  modulus  decreases,  reaching  a  minimum  at  approximately  1,000  to  2,000  psi.  Thereafter,  the  modulus 
increases  nearly  linearly  with  an  increase  in  the  stress  level . 

Under  actual  field  conditions  for  stress  levels  below  the  range  of  1,000  to  2,(XX}  psi,  the  rise  time  of  the  peak 
stress  should  increase  with  depth  because  of  the  concave  downward  stress-strain  relationship.  This  conclusion  is  also 
substantiated  by  field  observations.  Stress  levels  considerably  above  these  values  would  be  necessary  for  a  shock  to 
form  or  continue  to  be  propagated. 

The  prediction  of  ground  motions  by  using  an  effective  seismic  velocity  involves  considerable  judgment.  At  stress 
levels  of  approximately  1,(XX)  to  2,000  psi  an  effective  velocity  of  30  percent  of  the  seismic  velocity  is  required.  Note 
that  the  75  percent  factor  commonly  recommended  would  be  considerably  in  error  for  overpressures  in  the  1,000  to 


Fig.  22  A  Comparison  of  the  Static  and  Dynamic  Coefficients 
of  Earth  Pressure  at  Rest  for  Ployo  Silt 
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2,000  psi  range. 

The  playa  silt  at  Frenchman  Flat  is  on  unusual  soil  when  compared  to  those  normally  encountered  in  construction. 

The  prediction  of  ground  motions  at  other  sites  based  on  an  extrapolation  of  data  obtained  at  the  Nevada  Test  Site  requires 
a  corefu!  comparison  of  the  dynamic  constrained  moduli  of  playa  silt  and  the  soil  in  question  at  the  pressure  levels  of  interest. 
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K^  -  Coefficient  of  earth  pressure  at  test 

M^  -  Constrained  Modulus,  psi 
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PROPAGATION  OF  DYNAMIC  STRESSES  IN  SOIL 

by 

Lynn  Seaman* 


This  project,  a  study  of  stress  wave  propogation  in  soil,  hos  been  sponsored  by  the  Defense  Atomic  Support  Agency. 
The  goal  of  the  work  has  been  to  predict  the  phenomena  of  wove  propagation  on  the  bajis  of  data  from  laboratory  com¬ 
pression  tests  of  soil  samples.  Foi  a  start  on  the  problem,  the  work  has  been  restricted  to  one-dimensionol  wave  propagation 
in  non-cohesive  soils.  The  results  of  the  study  show  that  for  these  conditions,  wove  propogation  phenomena  caused  by  blost 
loading  can  be  predicted  from  laboratory  compression  tests  through  the  use  of  a  simple  analytical  model. 

A  typical  stress  wave  caused  by  an  explosion  is  shown  in  Figure  1 ,  The  important  parameters  are  the  peak  stress  and 
duration  of  the  wave.  The  tirr^,  T,  between  the  arrival  of  the  peak  stress  and  the  time  at  which  stress  is  0.368  of  the  peak 
value  is  the  exponential  time  constant  of  the  stress  wave.  The  ottenuation  of  peak  stress  and  the  change  in  the  time  constant, 
T,  are  the  features  of  the  stress  wave  which  will  be  predicted. 

The  soil  model  which  has  been  analyzed  for  the  predictions  is  the  linear  locking  or  linear  hysteretic  model .  A 
stress-strain  curve  for  the  model  is  shown  in  Figure  2.  This  model  has  been  used  by  several  other  researchers  (1,2)  because 
it  does  have  some  of  the  character  of  sand  behavior. 

Loading  and  unloading  occur  along  different  stress-stroin 
characteristics  so  that  a  cycle  of  loading  causes  some  hysteretic 
energy  loss  and  permanent  set.  A  blast  loading  provides  such  a 
loading  arKi  unloading  cycle  so  that  energy  is  lost  as  a  blast 
wave  travels  through  the  soil .  The  energy  loss  causes  the  peok 
stress  to  attenuate  with  depth  and  causes  the  stress  wove  to 
broaden  out  with  depth,  Tfie  parameter  governing  these  effects 
is  OC  ,  where 


a  = 


W 


Ml 


\  + 


vhere 


1  -C(/Ci 


Eg  and  Cg  are  the  modulus  and  wave  velocity  on  the 
loading  curve,  and 

Ej  and  Cj  apply  to  the  unloading  curve. 

In  Figure  3  is  o  semilog  plot  of  peak  stress  versus  a  non- 
dimensional  depth  for  a  pressure  loading  with  a  shock  front  and 
on  exponential  decay.  For  nondimensionalization  the  peak 
stress  is  divided  by  the  peak  surface  pressure.  The  depth  is  non- 
dimensionalized  by  dividing  by  the  wave  velocity  ond  Hie 
exponential  time  constont  of  the  applied  pressure.  However, 
depth  divided  by  wave  velocity  is  arrival  time  so  the  abscissa 
is  also  the  arrival  time.  If  attenuation  were  exponential,  these 
lines  would  be  stroigSt,  They  ore  initially  straight  but  curve 

away  at  greater  depths.  Valuer  of  OC  for  soils  ore  typicolly  oround  0.15  to  0.30  ond  it  can  be  seen  that  the  attenuation 
rate  is  not  strongly  dependent  on  OC  in  that  range. 

The  broadening  out  of  the  stress  wove  is  shown  os  o  function  of  01  in  Figure  4.  Since  the  ottenuotion  rote  is 
higher  for  larger  values  of  OC  it  is  to  be  expected  that  the  stress  woves  olso  lengthen  out  more  rapidly  for  larger  OC  . 

The  particular  values  of  OC  which  pertain  to  the  sand  used  on  the  project  were  determined  in  static  one-dimensionol 
compression  tests  on  soil  samples.  The  samples  were  tested  ot  various  densities  ond  stress  levels.  Figure  5  shows  o  typical 
stress-stroin  curve  for  the  project  sand.  Cleorly  the  lond  is  hysteretic  but  not  linearly  so.  The  value  of  OC  wos  determined 
from  the  slopes  of  the  loading  and  unloading  curves  at  the  peak  stress  ottoined.  The  initiol  looding  cycle  on  eoch  sample 
yielded  values  of  OC  above  0.3.  Subsequent  loadings  gave  OC  volues  between  0,19  ond  0.23,  The  OC  values  were 


Fig.  )  Typical  Streu  Wove  Form 


*Meckinics  Department,  Physics  Division,  Stanford  Research  Institute,  Menlo  Park,  California. 


98 


CONSTANT 


SOIL-STRUCTURE  INTERACTION 


indep«ndent  of  stress  level  for  the  peak  stresses  used  but 
decreased  somewhot  with  increasing  density.  Ttie  dato 
irsdicate  QC  =  0.22  for  the  loosest  samples  and  0.20  for  the 
densest . 

With  a  known  value  of  the  attenuation  parameter  OC  , 
the  wave  prOf>agation  chorocteristics  of  the  soil  can  be  pre¬ 
dicted  on  the  basis  of  the  linear  locking  model .  To  sub¬ 
stantiate  the  analysis  a  series  of  wave  propogation  tests  were 
mode.  The  wave  propagation  experiments  were  conducted 
on  sand  confinttd  in  a  long  tube  to  produce  an  essentially 
one-dimensionol  condition.  A  section  of  the  tube  is  shown 
in  Figure  6.  It  is  mode  of  alternate  rings  of  aluminum  and 
neoprene  rubber  and  is  about  1  foot  in  diameter.  The 
oluminum  rings  provide  the  necessary  rodiol  confinement 
while  the  rubber  spacers  make  the  tube  very  soft  in  the 
axial  direction.  Meosurements  of  axial  forces  token  by  the 
tube  during  wove  propugotion  tests  show  that  the  tube  takes 
less  than  1%  of  the  applied  force.  The  column  wos  built 
to  a  height  of  15  feet  for  the  tests. 

Both  streu  gouges  ond  occeieromerers  have  been 
placed  at  various  depths  along  the  column  but  only  the 
stress  gauge  results  will  be  discussed  here.  Two  types  of 
gauges  were  constructed,  one  with  o  piezoelectric  crystal 
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as  fhe  sensing  element  and  one  with  a  diaphragm  instrumented  with  wire  strain  gouges.  Both  types  ore  in  the  shape  of  flat 
disks  1-1/2  or  2  inches  in  diameter.  Both  are  quite  stiff  with  respect  to  the  soil  so  that  their  response  to  looding  while 
•imbedded  in  soil  is  linear.  The  output  of  the  piezoelectric  gauges  is  about  10  v  for  100  psi  and  that  of  the  diophrogm 
gauges  is  8  mv  for  100  psi. 

Two  meons  for  looding  this  sand  column  with  a  pressure  pulse  have  been  used.  The  first  used  was  a  blost  loading 
produced  in  o  Boynton  Blast  Load  Generator.  The  generator  is  a  dome  which  is  clomped  on  top  of  the  column.  In  the 
second  method  a  large  weight  is  dropped  on  the  column  top  to  produce  a  stress  wove  very  similar  to  that  from  a  blast. 
Comparable  stress  levels  can  be  obtoined  in  the  two  types  of  tests  orsd  100  psi  has  oeen  used  as  the  nomirujl  peak  pressure 
for  all  tests.  Only  the  results  of  the  drop  weight  tests  will  be  described  since  they  show  larger  streu  attenuations  and  ore 
more  conclusive  in  indicating  the  correct  prediction  procedure. 

In  the  drop  weight  tests  a  40  pound  weight  was  dropped  about  4  feet  onto  o  steel  plate  resting  on  the  sand  surfoce 
in  the  column.  A  typical  set  of  stress  records  produced  by  such  o  drop  ore  shown  in  Figure  7.  The  record  at  o  depth  of 


Fig.  7  Typicol  Streu-Time  Records 
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15  cm  shows  a  rise  time  obout  0.2  msec  and  an  exponential 
decay  with  a  time  constant  of  about  1  msec.  The  lowest 
record  was  token  at  a  depth  of  271 .5  cm  and  shows  that 
consideroble  change  has  occurred  in  the  stress  wave .  The 
rise  is  not  quite  as  ropid  now,  the  peak  is  only  as  nigh 
os  it  wos  neor  the  surface  ond  the  stress  decoy  post  the  peck 
is  considerably  more  groduol.  The  intermediate  records 
serve  to  document  the  tronsition  which  occurs  in  the  stress 
wove . 

Before  proceeding  to  the  data  obtairsed,  the  stress 
gauge  calibration  should  be  outlined.  Due  to  the  short 
duration  of  the  applied  stress,  a  calibration  could  be  rmde 
on  the  basis  of  the  totol  impulse  of  the  stress  wave.  Figure  8 
shows  the  geometry  to  be  used.  The  F's  are  forces  at  the 
top  of  the  column  and  on  a  small  segment  of  moss  M  which 
has  been  isolated  os  a  free  body.  The  force  balonce  is 
written  for  that  segment  first  orxJ  then  integroted  with 
respect  to  time  to  find  the  impulse  applied  to  the  surfaces 
of  the  segment.  The  equotion  shows  that  if  the  integration 
is  corried  from  the  orrival  of  the  wove  to  a  time  when  the 
velocity  of  the  segment  hos  returned  to  zero,  the  impulses 
above  and  below  the  segment  ore  equal.  1^  the  velocity 
of  the  moss  above  the  segment  is  zero,  these  irnpulses 
equal  the  opplied  irr^lse. 


t 

I 

Fig.  6  Impulse  Colibrotion  Analysis 

The  opp'ied  impulse  is  known  from  the  height  of 
drop-  ond  the  weight.  Th«‘  impulse  at  the  gouge  i*  the  oreo 
u-ader  the  stress“time  curve.  By  equotiog  this  oreo  to  the 
opplied  impulse,  the  gouge  cal'-brotion  for  thor  drop  was 
detesmlnod.  A  new  caiibrati-on  w-a  -■node  for  each  drop. 

Drop  weight  tests  were  mode  with  the  column  at 
full  height  and  with  sand  ot  two  different  densities.  In 
the  first  series  of  tests  the  sond  was  of  50%  relative  dei’  i-it-y. 
Ooto  rrv  peok  stresses  for  these  tests  ai-e  in  Figures  9 

and  10.  These  fig-  re!  show  nondimensionol  peok  stress 
versus  nc-aime-uioriol  depth  for  ready  comparison  with  the 
ono'ytiCjsl  work ,  fn  figure  9  fh#  stteu  applied  at  the 
Surface  wOs  obout  110  psi .  In  this  figure  there  is  also 
!j»».  of’.lytlcal  Curve  of  the  predicted  ottenuct»on  based  on 
the  compression  -doto  ond  the  lincor  locking  model . 
Apparently  the  wove  propogotion  doto  coincide  with  the 
onalytfc-a!  prediction.  In  Figure  10  f-he  pe<A  stress  wos 
no  psi  tor  the  rests  with  solid  biock  doto  points  and  50  psi 
for  iHe  others.  Eviden’ly  the  ottenuotion  rote  is  not  o 
function  of  streis  level. 

Tn#  »corkd  series  of  drop  teeti  were  mode  with  the 
sond  at  86%  relotive  density .  Since  there  were  25  drops 
mode  in  the  series  s«l»  overage  volues  are  reported  here, 
Tf-e  ottenvotion  of  peek  stress  is  shown  iw  Figure  1 1  with 
the  same  coordirwtei  os  the  previous  h«o  figu^s.  Here 
fhtM  pe«S>  strea  levels  were  used  ronging  from  00  to 
125  psi,  Agoin  the  ottenuolion  rote  is  independent  ot 
peoe  strett.  The  doto  points  tent  to  lie  between  *he 
Curves  for  Ot  '  0. 15  one  0,  Thun  ‘here  is  slightly 
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sert«i  with  a  loocvt  lond. 

The  cinoiyticol  prediction  in  thir  c<s»«  ii  given  by 
the  curve  TorQC  -  0.20.  This  slight  d.'s-creponcy  between  the 
doto  points  ood  the  adjusted  pre* 
diction  is  prptwbly  due  to  o  reduc 
tiors  in  the  volue  of  OC  caused  by 
repeated  testirsg. 

To  be  o  ccenplttely 

odequotc  orsoiysis  the  prediction  ^ 
should  otw  indicotc  the  broodenirsg  j 
out  of  the  wove  form  with  depth. 

In  Figure  12  the  expommtiol  time 
conatonH  of  the  decoyitsg  portion 
of  the  stress  wove  ore  shown  os  o 
fufKtion  of  the  norsdi mere ionoi 
depth  porometer.  The  ocp’ied 
stress  eviderstly  hod  o  time  con- 
sterst  of  i  msec .  The  i*r(!ai  -eoves 
01  greoter  depths  ore  tsot  strictly 
tnponeniioi  so  the  time  «t  which 
the  strsrss  hod  decreosed  to  0. 368 
of  its  peok  volue  wos  token  m  the 
time  comtorsf.  Such  o  time  con- 
StoOt  hos  rso  sirrspie  mothemoticol 
interpre*ofion  but  it  docs  provide 
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*ome  description  of  the  change  in  wave  form  which  occurs  oj  a  function  of  depth.  The  points  lie  oiong  a  curve,  but  thii 
is  not  the  onoi/tical  curve.  For  an  CL  value  of  0.20,  the  time  constants  from  the  analysis  are  well  below  the  data  points. 
This  rarher  sizable  discroponcy  is  certainly  coused  by  nonlineority  of  the  stress-strain  curve  for  the  sand.  Work  which  has 
been  begun  on  o  nonlinear  hysteretic  model  similar  to  the  linear  model  indicates  that  the  nonlinearities  of  the  stress-strain 
cur/e  hove  a  large  effect  on  th»  broadening  of  the  stress  wove  with  depth.  However,  the  attenuotion  rcte  does  not  seem  to 
be  significantly  effected  for  most  volues  of  Ot  . 

The  next  steps  in  this  study  of  o.-ie-dimen$ionol  wave  propagation  are  to  find  the  effects  of  nonlinearity  of  the 
stress-strain  characteristics,  of  shocking  up  or  unshocking,  and  of  geostotic  stress  on  the  change  of  wove  ibrm  with  depth. 
The  work  will  also  be  e^rendea  to  include  cohesive  materials. 

The  conclusion  which  has  been  reached  on  the  basis  of  this  limited  number  of  tests  is  thot  wave  propagation 
cliorocteristics  in  non-cohesive  scil  cor  be  predicted  on  the  basis  of  data  from  loborotory  compression  tests.  The  present 
predictions,  which  accurately  define  the  oHenuation  of  peak  stress,  were  bosed  on  fhe  use  of  the  linear  locking  model 
for  the  soil . 
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FREE  FIELD  GROUND  MOTION  PRODUCED  BY  EXPLOSIONS 

by 

William  R.  Perret* 


An  explosion  is  on  extremely  rapid  release  of  energy  within  a  relatively  small  volume.  The  environment  of  an  explosion 
must  reoct  by  absorbing  and  transmitting  the  released  energy.  The  energy  may  be  released  by  either  chemical  or  nuclear 
processes,  but  reaction  of  a  solid  environment  such  os  soil  or  rock  to  either  type  of  source  will  differ  only  in  relation  to  the 
energy  densities  developed. 

Energy  released  by  an  explosion  is  monifest  in  several  forms  but  the  most  pertinent  is  development  of  a  large  quantity 
of  very  hot  gas  which  exerts  pressure  on  its  surroundings.  When  the  environment  is  soil  or  rock  this  pressure  is  very  great— 
megabars  for  nuclear  sources,  and  hundreds  of  kilobars  for  chemical  sources.  Megabars  imply  tens  of  millions  of  psi;  kilo- 
bars  tens  of  thousands  of  psi.  Reaction  of  the  environment  to  pressures  of  these  magnitudes  is  such  that  material  motions 
and  pressures  may  be  described  by  hydrodynamic  relations.  Figure  1  defines  schematically  the  domains  characterized  by 
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major  types  of  response  to  the  .—  SURFACE  ZERO 

explosion-developed  stress-field.  / 

Through  the  hydrodynamic  domain  '-y-^y^/yyy~/yyyy-y--/  /  /  /  y~?~7~7'7~7''^~7~^ 

pressure  decreases  generally  as  ' 
the  inverse  square  of  radial  range 
by  doing  work  on  the  environment 
resulting  in  melting  and  vapor¬ 
ization  until  it  reaches  a  few 
hundred  kilobars.  As  the 
pressure  decreases  below  this 
level  the  environment  retains  its 
solid  cliaracter  and  energy  is 
dissipated  by  crushing,  shearing, 
cracking,  ond  by  viscous  and 
frictional  processes.  In  this  non¬ 
linear  or  intermediate  zone 
stresses  decrease  as  an  inveise 
power  of  the  radius  between  2.5 
and  4  to  levels  characteristic  of 
the  elastic  limit  of  the  soil  or 
rock.  Finally  in  the  linear  or 
elastic  domain  stresses,  always 
below  the  elastic  limit,  are 
attenuated  at  a  rate  nominolly 
equivalent  to  the  inverse  power 

of  radial  range,  but  in  practice  LINEAR  DOMAIN 

frequently  as  an  inverse  power 

of  the  radius  between  1.1  and  Fig.  1  Schematic  Representation  of  Explosion 

1 ,8.  The  hydrodynamic  and 
part  of  the  nonlinear  domain 

are  obviously  of  no  practical  interest  to  structural  problems  because  stress  levels  are  well  above  those  amenable  to 
structural  design.  However,  much  of  the  nonlinear  region  and  oart  of  the  linear  region  are  of  concern  to  soil -structure 
problems  since  it  is  pertinent  to  know  in  what  manner,  and  at  w!iat  distwices  from  on  explosion,  stress  fields  opproach 
realistic  design  magnitudes. 

It  is  of  interest  then  to  know  what  means  are  adaptable  to  observing  the  development  and  attenuation  of  environmental 
response  to  an  explosion.  The  foregoing  discussion  suggests  we  should  observe  stress  or  stain  as  o  function  of  time  and  of 
distance  from  the  source.  However,  experience  and  problems  of  instrument  design  and  particularly  of  instrument  placement 
have  shown  that  more  reliable  and  consistent  results  derive  from  measurement  of  particle  motion  in  terms  of  acceleration 
or  particle  velocity.  Without  going  into  detail  concerning  the  reasons  for  greater  reliability  of  porticle  motion 
measurements,  it  is  pointed  out  that  perturbations  produced  by  placement  of  gauges,  react  considerably  more  severely  on 

*  ^ndta  Corporation,  Albuquerque,  New  Mexico. 
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Fig.  1  Schematic  Representation  of  Explosion 
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the  response  of  stress  and  strain  gauges  than  on  the  response  of  accelerometers  or  velocity  gauges.  The  latter  type  of  guoge 
requires  only  that  the  gauge  package  match  in  density  the  surrounding  material,  that  it  be  bonded  securely  to  its  surround¬ 
ings,  ond  that  its  dimensions  be  small  relative  to  the  pressure  or  velocity  wavelength. 

Full  scole  experiments  to  define  ground  motion  produced  by  large  explosions  have  been  undertaken  in  several  earth 
media  over  a  range  of  explosion  yields  from  a  few  pounds  of  TNT  through  several  kilotons  of  TNT-equivolent  nuclear  energy. 
Correlation  of  results  from  various  yields  is  feasible  by  scaling,  assuming  similitude.  This  procedure  is  valid  for  similar 
explosives  within  similar  environments,  at  least  over  yield  ranges  of  two  or  three  orders  of  magnitude. 

Let  us  look  at  the  resulis  of  free-field  ground  motion  measurement  programs  in  several  types  of  rock  and  soil  and 
compare  some  of  these  when  reduced  by  scaling  to  a  common  yield  of  one  kiloton.  These  data  are  peak  values  derived  from 
records  of  acceleration  or  particle  velocity  as  functions  of  time,  or  from  the  time  integrals  of  these  records. 

Plots  of  peak  acceleration,  particle  velocity  ond  displacement  versus  rodiol  range,  shown  in  Figure  2,  were  derived 
from  a  spherical  charge  of  one  million  pounds  of  TNT  centered  125  feet  below  the  surface  of  Yucca  Flats  at  the  AEC  Nevada 
Test  Site.  The  gauges  were  at  shot  depth.  These  plots  imply  that  none  of  the  gauges  were  sufficiently  remote  from  the 
charges  to  fall  in  the  linear  response  domain.  Data  from  other  explosions  in  similar  desert  alluvium  indicate  that  the  linear 
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Fig.  2  Peak  Accelerations,  Velocities,  and  Displacements  for  Chemical  Explosions 

region  does  indeed  exist  at  a  range  beyond  the  most  remote  gauge. 

Similar  plots  of  acceleration  and  particle  velocity  data  derived  from  the  Gnome,  nuclear  explosion  in  salt  near 
Carlsbad  are  shown  in  Figure  3.  These  data  do  extend  through  most  of  the  intermediate  domain  and  into  the  beginning 
of  the  linear  response  region. 
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In  Figure  4  ttiese  two  sets  of  data  hove  been  reduced  by  scaling  to  curves  for  one  kiloton  and  data  from  a  smaller 
TNT  explosion  has  been  correlated  with  the  Scooter  data  to  indicate  the  beginning  of  the  linear  response  region.  Here  it 
is  apparent  that  attenuation  rates  are  greater  for  occeleration  than  for  particle  velocity.  It  is  also  apprent  that  there  is  o 
much  greater  difference  between  peak  accelerations  in  the  two  medic  at  the  same  range  than  between  peak  particle 
velocities.  The  former  difference  is  greater  than  two  orders  of  magnitude;  the  latter  generally  less  than  a  factor  of  ten. 

This  difference  emphasizes  the  influence  of  environmental  response  on  acceleration  and  the  relationship  between 
the  various  motion  parameters  and  stress  or  strain.  Particle  velocity  is  directly  related  to  compressive  stress  through  the 
conservation  of  momentum  requirement  that  stress  be  equal  to  the  product  of  the  density  of  the  medium,  the  phase  velocity 
with  which  the  stress  is  propagated,  and  particle  velocity.  Then  peak  stress  and  peak  particle  velocity  should  vary  with 
range  in  the  same  manner;  and  be  directly  related,  at  any  particular  radial  range,  to  the  energy  released  by  the  explosion. 
Acceleration,  on  the  other  hand,  is  the  time  derivative  of  particle  velocity.  Its  maximum  value  will  then  depend  upon  the 
rate  of  rise  of  the  particle  velocity  wave.  This  rate  of  rise  is  in  turn  dependent  upon  dispersiveness  of  the  material  traversed 
and  energy  absorption  from  the  higher  frequency  components  of  the  dispersed  wave.  The  consequence  of  this  is  that  in  the 
more  dispersive  and  energy  absorptive  materials  such  as  dry  porous  soil,  the  velocity  wave  spreads  out  rapidly  and  the  slope 
of  the  rising  wave  front  becomes  rapidly  flatter. 

From  these  curves  it  is  also  interesting  to  speculate  on  the  stress  levels  represented  by  the  intersection  of  the  two 


branches  of  particle 
velocity  curves.  If  we 
use  the  conservation  of 
rrx)mentum  relationship 
as  at  least  a  good  first 
approximation  and  use 
the  phase  velocity  with 
which  peak  particle 
velocities  were  trans¬ 
mitted  it  is  found  that 
for  dry  desert  alluvium 
the  stress  at  transition, 
corresponding  to  a 
particle  velocity  of  0,7 
feet  per  second  is  about 
35  psi;  a  reasonable 
value  for  the  elastic  q 
limit  of  this  soil  at  a  p 
depth  of  1 25  ft .  < 

The  similar  J-'* 
calculation  for  salt,  at  j 
a  particle  velocity  of  ^ 
44  feet  per  second, 
gives  about  18,000  psi  ^ 
which  at  first  glance 
seems  high  but  agrees 
reasonably  well  with 
the  value  of  1 .2  kilo- 
bars  found  by  other 
types  of  measurement 
for  the  compressional 
elastic  limit  for  salt. 
Collateral  data  from 
the  Gnome  experiment 
has  suggested  that  a 
second  slope  transition 
should  have  occurred 
at  about  1000  feet  from 
the  explosion, 
corresponding  to  a 


particle  velocity  of  RADIAL  RANGE 

7  feet  per  second  and 

a  stress  of  about  Fig.  3  Peak  Accelerations  and  Velocities  for  Nuclear  Explasions 


109 


SOIL -STRUCTURE  INTERACTION 


3100  pii.  TVm  dynamic  teniile  elastic  limit  of  salt  under  1200  feet  of  overburden^  the  depth  of  the  Gnome  shot,  is  very 
nearly  3100  psi. 

It  appears  that  particle  velocity  data  are  the  most  useful  for  defining  ground  shock  or  motion  produced  in  various 
rocks  or  soils  by  explosions.  Figure  5  represents  particle  velocity  data  from  nuclear  explosions  in  four  types  of  earth 
mqtenals,  all  scal^  to  one  kiloton.  Attenuation  rates  in  the  nonlinear  region  range  between  in  desert  alluvium  to 

R~  *  in  granite  and  beyond  the  transition  to  quasi-lineor  response  they  range  from  R"^  in  tuff  to  R"^  in  weak  granite. 
Transitions  in  desert  alluvium  and  tuff  occur  at  nearly  the  same  radial  range,  but  the  implied  elastic  limits  are  about  780  psi 
for  the  weak  but  competent  tuff  and  60  psi  for  the  granular  alluvium.  Since  the  alluvium  data  was  derived  from  gauges  at 
1200  feet,  roughly  ten  times  the  depth  of  the  Scooter  gauges,  increase  from  35  to  60  psi  in  elastic  limit  is  reasonable. 

The  two  granite  curves  are  from  different  areas,  that  represented  by  steeper  sloping  curves  included  several  wide 
shear  zones  filled  with  broken  granite  and  very  soft  clayey  gouge  along  the  line  of  gauge  stations.  The  overage  elastic 
limit  defined  for  granite  by  these  curves  is  about  5800  psi. 

The  curves  presented  here  are  extended  only  to  the  approximate  maximum  radial  range  at  which  measurements 
were  made,  but  they  have  been  extrapolated  inward  to  the  approximate  limits  of  the  hydrodynamic  domain.  These  are 
roughly  350  kilobors  for  granite,  130  kiloban  for  salt,  15  kilobars  for  tuff,  and  5  kilobars  for  dry  desert  alluvium. 

The  foregoing  discussion  has  been  concerned  with  ground  motion  produced  by  underground  explosions  sufficiently 
deep  to  develop  only  negligible  air  blast.  There  is  no  good  reason  to  believe  that  that  portion  of  the  energy  from  contact 
surfoct  bursts  or  very  shallow  explosions  which  is  transmitted  directly  to  the  ground  should  induce  response  notably  different 
from  that  described  above.  The  exception  to  this  may  be  thot  because  of  the  obsence  of  confinement  the  decay  portion  of 


Fig.  4  Summary  of  Peok  Accelerations  ond  Velocities 
Scaled  to  One  Kiloton  Explosions 
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the  wove  and  thus  the  impulse  might  be  radically 
reduced.  However,  ground  motion  induced  by  air  blast 
which  often  represents  a  predominant  portion  of  the 
energy  from  shallow  underground  or  surface  bunts  may 
be  expected  to  differ  appreciably  from  that  directly 
transmitted  from  an  underground  explosion.  This 
difference  comes  about  because  the  air  blast  remains 
a  shock  wave  with  nearly  zero  rise  time  from  the  region 
of  very  strong  shock  outward  to  peak  pressures  well 
below  those  of  concern  to  underground  structure  design . 

Energy  from  an  underground  explosion  ceases 
lo  propagate  as  a  true  shockwave  in  the  vicinity  of 
the  transition  from  the  hydrodynamic  regime.  There¬ 
fore,  in  the  region  of  stress  pertinent  to  underground 
structure  design  the  term  ground  shock  is  a  misnomer 
since  nearly  all  of  the  energy  which  was  associated 
with  high  frequencies  has  been  dissipated.  Conversely, 
air  blast,  as  it  is  incident  at  the  ground  includes  a 
relatively  large  high  frequency  energy  component  at 
all  pressure  levels  of  interest.  Consequently  os  the 
energy  propagates  downward  into  the  earth  from  air 
blast  incident  at  the  surface  it  will  lose  by  absorption 
its  high  frequency  component  much  more  rapidly  than 
other  components  of  its  spectrum.  .This  has  two  con¬ 
sequences;  at  any  pressure  level,  except  those  near 
the  onset  of  hydrodynamic  response,  air  blast  induced 
earth  stress  will  be  degraded  much  more  rapidly  than 
will  stresses  of  equal  magnitudes  produced  by  an 
underground  explosion,  and  airblost  induced  earth 


Fig.  5 


Summary  of  Peak  Velocities  for 
One  Kiloton  Nuclear  Explosions 

stress  derived  from  large  yield  explosion  will  not  lose  energy  so  rapidly  as  will  those  from  smo!!  yield  explosions  because 
positive  phase  duration  of  the  air  blast  which  varies  os  the  cube  root  of  energy  yield,  eliminates  low  frequency  components 
from  the  spectrum  of  low  yield  sources,  thus  forcing  proportionally  more  of  the  energy  into  the  high  frequency  components. 

An  experiment  was  conducted  about  seven  years  ago  to  investigate  the  kind  of  ground  motion  and  particularly  the 
vertical  displacement  induced  by  air  blast  from  tlie  37  kiloton  Priscilla  explosion  700  feet  above  Frenchman  Flat  at  the 
Nevada  1  )st  Site.  Two  types  of  gauges,  accelerometen  and  relative  displacement  gauges,  were  placed  at  five  depths 
between  the  ground  surface  and  200  feet  in  four  locations  as  shown  in  Figure  6  . 

Airblost  incident  at  the  surface  at  each  of  these  stations,  shown  in  Figure  7,  gave  peak  pressures  of  270,  18/,  120 
and  59  psi.  Displacements  induced  by  the  pressure  and  derived  from  the  relative  displocement  gouges  decreosed  with  depth 
and  with  peak  incident  overpressure.  Figure  8  presents  the  time-history  of  displacement  induced  by  270  psi  overpressure 
and  a  maximum  impulse  of  14.2  psi-seconds  at  the  surface  and  at  depths  of  10,  30,  60  ond  100  feet.  Rebound  after 
initial  downward  displacement  is  followed  by  a  residual  downward  displocement  which  decreases  with  depth  to  zero  at 
100  feet. 

Residual  displacements  at  the  surface  at  all  four  measurement  stations  are  compared  in  Figure  9  with  the  results 
of  preshot  and  postshot  first  order  surveys.  Agreement  in  these  comparisons  within  0.2  inch  at  ench  station  may  be  token 
as  an  index  of  the  reliability  of  the  displacement  gauge  performance. 

Maximum  displacements  observed  at  each  gauge  pc.Iiion  for  eoch  stotion  ore  plotted  as  a  function  of  depth  in 
Figure  10.  Data  from  eoch  station  defines  an  exponential  attenuation  represented  by  the  equation 

-0.0140 
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where  6  and  6  ^  are  displocements  in  inches  at  depth  D  in  feet  and  at  the  surfoce,  respectively.  All  data  points,  with 
the  exception  of  those  at  the  surface,  deviate  from  the  curves  by  only  negligible  amounts.  The  surface  data  fall 
significantly  above  the  curve  in  each  cose,  implying  a  higher  rate  of  attenuation  close  to  the  surfoce. 

Figure  1 1  is  a  plot  of  attenuation  with  depth  of  the  peak  particle  velocities  derived  from  integrated 
acceleration  records.  This  emphasizes  the  two-phoM^tenuation  suggested  by  the  surface  displacements.  Here 
acceleration  decreoKS  exponentially  os  roughly  down  to  the  depths  of  the  order  of  40  feet  or  leu  ond  then 

exponentially  at  rotes  of  about  one  tenth  the  shallower  ones.  This  transition  suggests  two  of  the  points  dwelt  upon 
earlier;  the  absorption  of  high  frequency  energy  components  and  the  transition  to  linear  or  elastic  response,  sirtce  the 
transitions  occur  at  particle  velocities  indicative  of  stresses  in  the  range  from  30  to  150  psi. 
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Finolly,  contours  of  maximum  displacement  plotted  on  a  vertical  plane  through  the  li'!e  of  gouge  stations. 
Figure  12  ,  indicate  a  transient  brood  flat  depressed  bowl,  the  half-inch  contour  extends  from  the  surface  at  about  1500 
to  1600  feet  ronge  from  ground  zero  to  a  depth  of  about  '40  feet  at  650  feet  range.  Nc  transient  data  are  available  closer 
to  ground  zero,  but  it  may  be  surmised  from  the  residual  displocement  survey  shown  in  an  earlier  figure  that  there  was  a 
downward  distortion  near  the  center  of  the  bowl. 
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Fig.  6  Placement  of  Instrumentation  for  Priscilla  Shot 
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Fig.  7  Overpressures  ot  Various  Locations  for  Priscilla  Shot 
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Fig.  6  Displacements  at  Various  Depths  for  Priscilla  Shot 
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Fig,  11  Attenuation  of  Peek  Velocity  with  Depth  for  Priscilla  Shot 
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Fig,  12  Contours  of  Downwaid  Displacement  in  Inches 
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INERTIAL  EFFECTS  AND  SOIL  STRENGTH  CRITERIA 

*>y 

B.  B.  Schlmmlng*  and  H.  C.  Soxe** 


INTRODUCTION 

The  strength  of  soils  under  dynamic  loading  conditions  has  received  a  considerable  amount  of  attention  in  this 
country  in  the  past  quarter  century.  The  primary  testing  apparatus  In  the  past  investigatiorss  has  been  the  triaxiol  device. 

As  part  of  the  United  S^tes  Air  Force  blast  protective  corsstruction  reseorch  program,  a  dynamic  direct  shear 
device  has  been  developed  in  the  Civil  Ertgineering  Deportment  at  the  University  of  Notre  Dame.  A  wide  variety  of  soils 
hove  been  tested  for  sensitivity  to  load  rote  effects.  The  purpose  of  this  presentation  is  to  report  some  of  the  prelimirxiry 
results  of  the  testing  program. 


EXPERIMENTAL  FACILITY 

The  equipment  involved  in  this  study  has  been  previously  described  by  Saxe,  Groves  and  Schimmirsg  (1)  and 
will  be  briefly  reviewed  here.  The  dynamic  direct  shear  apparatus  will  subsequently  be  referred  to  os  DACHSHUND  I 
(Dyrsomically  Applied  Controlled  Horizontal  SHear  -  University  of  Notre  Dame  I). 

~  The  method  oHoad  application  consists  of  o  pneumatic  system  whTch  is 'capable  of  applying  a  1000  pound  load  to 
the  soil  specimen  in  both  the  vertical  and  horizontal  directions.  For  a  dyrsamic  test,  air  is  passed  into  the  accumulator 
tanks  from  the  air  compressor  through  a  pressure  regulator.  When  the  air  pressure  hos  reached  a  predetermined  value  in 
the  accumulator  tanks,  air  is  passed  into  the  rear  of  the  cylinders  behind  the  pistons  which  ore  restrained  by  the  trigger 
ossembly.  Upon  actuation  of  the  solenoid  operated  triggers,  which  releases  the  pistora,  the  accumulated  force  on  the 
pistons  is  suddenly  transmitted  to  the  soil  specimen.  For  all  of  the  tests  described  in  this  poper,  the  normol  or  confining 
load  was  applied  statically,  either  pneumatically  or  with  weights  placed  on  the  specimen.  The  horizontal  shear  load  was 
applied  statiirally  and  dynamically. 

In  a  stotic  test,  the  horizontal  piston  is  not  restrained  by  the  trigger.  As  pressure  is  graduolly  developed  in  the 
horizontal  cylinder,  it  is  immediately  transmitted  to  the  specimen.  The  rote  of  force  application  is  regulated  monually  at 
the  control  panel. 

The  shear  box  can  accommodate  o  4  inch  diometer,  3/4  inch  thick  specimen.  The  lower  half  of  the  box  is  the 
movecblu  portion  arsd  is  made  of  aluminum  to  minimize  inertiol  effects.  It  is  supported  by  an  air  bearing  supplemented  by 
four  small  ball  beoiings  recessed  into  the  brass  support  plate  to  resist  eccentric  normal  loads. 

The  measurement  of  loads  transmitted  to  the  soil  specimen  is  accomplished  by  the  use  of  thin- wo  I  led  cylindrical 
transducers.  Three  load  cells  are  employed:  one  in  the  vertical  direction  and  two  in  the  horizontal  direction.  The  lower 
or  "oction”  load  cell  moves  with  the  horizontal  piston.  The  upper  or  "reaction"  cell  is  attached  to  the  upper  half  of  the 
shear  box  and  a  rigid  support  connected  to  the  base  of  the  machine.  The  upper  half  of  the  shear  box  is  supported  on  four 
columns  which  ore  flexible  in  the  direction  of  motion.  Hence  the  reaction  load  cell  olso  measures  the  horizontal  force 
on  the  specimen  and  in  con]unctioti  with  the  action  load  cell  ollows  the  appraisal  of  horizontal  inertial  forces  and  fricrion 
losses  at  the  bose  of  the  moveable  portion  of  the  sheer  box. 

Displocements  in  both  the  horizontal  and  vertical  directions  ore  measured  with  potentiometric  tramucers. 

All  transducer  outputs  ore  displayed  on  oscilloscopes  and  recorded  with  Polaroid  cameras. 

EXPERIMENTAL  RESULTS 

Figure  1  is  a  comparison  of  the  static  and  dynamic  strengths  of  a  dry  Ottawa  sand  (f  20-30  sieves)  in  both  a 
loose  and  dense  stote.  The  solid  lines  represent  the  static  strength  envelopes  obtained  from  o  series  of  tests  corsducted  on 
DACHSHUND  I  which  compared  favorobly  with  results  previously  reported  by  Burmister  (2)  using  a  conventional  direct 
sheer  device.  The  time  to  failure  or  te<t  duration  vras  approximately  40  seconds. 

The  data  points  represent  dyrvsmic  tests  in  which  the  time  to  foilure  was  approximately  3  to  4  milliseconds.  The 
normal  lood  was  opplied  statically  with  air  pressure  in  the  vertical  cylinder  while  the  shear  load  wos  applied  dynamically. 
The  resulting  comparison  demonstrates  the  imerssitivity  of  dry  sand  to  load  rate  effects.  Similar  conclusions  have  been 
previously  reported  by  Whitmon  (3). 

•  Assistant  Professor,  Department  of  Civil  Engineering,  University  of  Notre  Dame,  Notre  Dame,  Indiarsa. 

••Professor  orsd  Head,  Deportment  of  Civil  Engineering,  University  of  Notre  Dome,  Notre  Dame,  Indiana. 
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A  jecc.!fi  lerles  of  te»h  were  concocted  on  o  Jordon  Buff  Cloy  >old  commercially  by  the  United  Cloy  Mines, 
Trenton,  New  Jersey.  The  characteristics  of  this  cloy  ore  os  follows; 


Liquid  Limit  54% 

Plastic  Limit  26% 

Shrinkage  Limit  22% 

Plasticity  Index  28% 

Specific  Grovity  2.74 


The  cloy  was  purchased  in  powder  forr ,  mixed  with  distilled  woter  to  a  moisture  content  of  approximately  31%  and  com¬ 
pacted  to  a  wet  density  of  114  Ibs/cu.ft. 

Figure  2  is  a  typical  set  of  dynamic  test  results  for  the  compacted  clay,  comporing  the  oction  ond  reaction  lood 
cell  response.  The  initiol  spike  in  the  action  trace  was  ottributed  to  the  inertia  of  the  moving  troy  ond  the  strength  wos 
assumed  equal  to  the  value  of  the  trace  after  this  initial  peak  which  is  in  ogreement  with  the  reaction  trace. 

The  static  and  dynamic  strength  envelopes  for  the  Jordan  Buff  Clay  ore  shown  In  Figure  3.  The  dynamic  envelope 
is  comprised  of  tests  whose  time  to  failure  was  in  the  0-5  millisecond  range  while  the  static  envelope  involved  test 
d'jrotions  of  approximately  40  seconds.  An  examination  of  Figure  3  indicates  thot  ot  any  particular  volue  of  the  normal 
load,  the  dynamic  shear  strength  is  opproximately  twice  the  static  value.  These  results  certainly  demcfsstrate  the  time 
dependent  strength  charocteristics  of  the  unsaturoted  cloy  under  considerotion. 

Consistent  witii  objectives  of  the  study,  a  number  of  other  soils,  including  o  sandy  silt,  a  lake  mart  and  a  silty 
cloy  were  tested  statically  and  dynamically  os  previously  described. 

The  primory  difference  in  the  static  and  dynamic  failure  envelopes  for  those  soils  possessing  cohesion  was  on 
increase  in  the  cohesion  porameter  under  dynamic  conditions  with  little  or  no  change  in  the  friction  angle.  This  is 
typified  by  the  behavior  of  the  lake  marl  as  shown  in  Figure  4. 

In  on  ottempt  to  correlate  this  strength  voriotion  with  soil  type,  the  rotio  of  dynamic  cohesion  to  static  cohesion 
was  plotted  versos  the  .50%  groin  size  in  Figure  5. 
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SOiL-STRUCTURE  INTERACTION 


AlthoDoh  fhis  rafio  tends  to  increase  with  decreasing  groin  size,  there  is  a  wide  variation  for  any  one  particular 
cohesive  soil,  such  as  the  silty  cloy.  However,  this  variation  appears  to  be  consistent  with  the  moisture  content  of  the 
soil  Thus,  the  otio  of  dynamic  to  static  cohesion  was  plotted  versus  the  liquidity  index  defined  os  the  moisture  content 
minus  the  plastic  limit  divided  by  the  plasticity  index,  in  Figure  6, 

Althoufh  mere  is  insufficient  data  to  drow  a  generol  conclusion,  there  appears  o  be  o  correlation  between  the 
strength  ratio  and  the  position  of  the  soil  in  the  plastic  range. 


Fig,  6  The  Dependence  of  Displacement  Rate  Effect  on  Liquidity  Index 


INERTIA.  CONFINEMENT 

The  most  comprehensive  investigation  of  the  behavior  of  soil  under  transient  loads  took  place  at  the  Massachusetts 
Inst'iute  of  Technology  between  1951  ond  1954  under  sponsorship  by  the  Corps  of  Engineers,  United  States  Army,  Earlier 
work  had  been  done  bv  Cesagrande  and  Shannon  (4)  ot  slower  rotes  of  loading. 

One  rather  interesting  aspect  of  the  MIT  dynomic  compression  tests  is  shown  in  Figure  7,  The  presence  of  the 
sharp  initial  peok  or  "spike"  in  the  impact  end  iood  cell  truce  wos  described  by  Whitman  (3)  as  a  "lateral  inertia  effect  ' 
which  he  described  as  follows:  "lateral  strains  must  occur  before  foilure  can  take  place,  and  in  very  rapid  tests  inertia 
delays  the  development  of  loteral  stroins.  Thus,  it  is  possible  to  develop,  during  very  short  periods  of  time,  stresses  for 
in  excess  of  the  peak  resistonce."  This  laterol  inertia  effect  is  shown  schematically  in  Figure  8. 

Parkin  (5)  chose  to  interpret  this  peak  in  a  different  manner.  His  anolysis  was  prefaced  by  the  following  state¬ 
ment-  "Although  it  cannot  be  denied,  in  pHnciple,  that  effect  due  to  lateral  inertia  may  exist,  the  purpose  of  the  present 
study  is  to  te$‘  an  olternotive  theory  by  compering  numerical  results  derived  from  it  with  experiment.  In  essence  we  ask. 
if  it  is  possible  to  exclude  all  appeals  to  the  effects  of  lateral  inertia  and  to  choose  o  specific  constitutive  relationship  for 
the  medium  v/hich,  in  conjunction  with  o  sufficiently  detailed  one-dimensional  representation  of  the  experimental 
arrongement,  is  able  to  occount  for  the  observed  behavior."  These  contradictory  viewpoints  stimulated  a  considerable 
amount  of  discussion. 
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Fig.  7  Sfress-Time  Relations  -  Vvh'tmc  i  (3)  Fig.  8  Lateral  Inertia  Effect  -  Whitmon  ond  Heoly  (6) 

Fulton  and  Hendron  (7)  supp<'''ted  tie  lotero!  inertia  ..ev;point  os  indicoted  by  the  following  stotements:  "The 
main  inconsistency  is  that  there  are  la^era’  detormr  ions  onj,  thus,  loterol  inertio  effects  in  o  sample  under  constant 
lateral  stress  that  ore  ignored  by  the  ose-  jimcisioncl  equo^i.)n  of  motion."  "It  does  not  seem  logical  to  discard  the  loterol 
inertio  phenomena  that  are  known  ro  exi'*  in  '■eoli  y  f.:r  strain  rote  mechanism  whose  significonce  is  questionable." 

Selig  and  Vey  (8)  ol:c>  loined  '"le  discussion,  Ix't  concluded  that  "It  is  oovious  that  os  for  os  stress  propagation  is 
concerned,  the  peak  stress  value  is  o'  '>trls  corseq  'er  ce  and  only  the  stress  ottoined  after  the  sudden  drop  occurs  is 
octuolly  propagated  through  the  'loil  ' 

In  Whitman's  (9)  discussion  of  Parkin's  rx-.pii ,  he  rather  thoroughly  defends  the  '  larerol  inertio"  concept  ond 
reiterates  thot  the  inertial  peak  of  the  impact  stres:  versus  rime  curve  wes  in  oil  likelii-ood  rhe  results  of  phenomena 
associated  with  the  boundary  conditions  peculiar  to  the  test 

In  order  to  possibly  contribute  to  this  p.’oblerr,  it  becomes  apparent  that  it  would  b?  desiroble  to  conduct  c 
dynamic  strength  test  under  radically  different  boundary  conditions.  AUo  if  the  "loterol  inertio"  effect  could  be  treated 
as  a  variable,  some  Insighr  would  be  gained.  The  presence  of  a  dynamic  direct  shear  device  at  the  University  of  Notre 
Dome  offered  the  opportunity  to  investigate  these  factors. 

Figure  9  indicates  the  various  components  of  normol  force  ihot  moy  be  operable  on  rhe  failure  plone  during  o 
dynamic  dliec*  st  'tar  test  If  the  soil  'ends  to  dilate  (expand)  during  sheer,  the  indicoted  Inertiol  forces  which  ore 
analogous  to  later'. I  Inertia  in  the  triaxiol  test  moy  be  present. 

It  oppeared  not  the  most  reosonable  woy  to  explore  this  situation  was  to  occentucte  the  effect  os  indlcalec!  in 
Figure  10  Cese  (b)  repres  nts  the  conventional  pneumatic  opplicotion  of  normal  load  where  W|  is  the  weight  of  the 
vertical  pirton  ovemb^y.  roi  case  (a),  the  vertical  pneumatic  system  is  tilted  out  of  the  way  and  the  normo*  load,  VV2, 
is  applied  with  ieoc  -t  ights.  W  was  chosen  to  be  much  lorger  thon  W|  to  accentuate  any  effects  of  inertial  confinement, 
A  typic  jl  '.ef  of  reaction  lood  cell  traces  for  the  two  different  methods  of  confinement  ore  presented  in  Figure  1  I 
for  a  dense  20-30  Ottawa  Sond  The  upper  trace  is  for  a  normol  load  of  150  pounds  provided  by  the  lead  weights  while 
the  lowf  fr-ce  is  also  fo’  a  r  u,'  -nol  load  of  150  pounds,  but  applied  pneumo'icoliy . 

,ht  shear  strength  which  Is  taken  after  the  initial  peok  when  there  is  ogrrement  between  the  oction  and  reaction 
lood  cells  is  opptoxirrvotely  250  pounds  for  the  top  trace  and  140  pounds  for  the  lower  trace.  In  addition  the  period  of 
sustoined  sheer  resistance  for  the  top  t.'oee  is  shorter  than  for  the  lower  frocr  ,  This  would  tentatively  point  to  the 
temporary  nature  of  the  Inertial  confinement  which  ceases  when  expansion  is  completed. 
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Figjre  12  gives  fhe  comporison  of  strength  values 
obtained  for  the  two  different  methods  of  normal  load  appli- 
cotion  over  a  rongc  of  normal  loads.  The  friction  angle  for 
pneumatic  applicotion  of  normol  load  is  approximately 
43  degrees  which  Is  in  ogreement  with  occepted  values  for 
the  dense  Cttowc  sand.  The  friction  angle  for  normal  loods 
applied  with  the  leod  weights  is  61  degrees  which  is  con¬ 
siderably  lorger  thon  the  static  or  conventional  dynamic 
value. 

DISCUSSION  OF  INERTIAL  CONFINEMENT 
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With  the  present  configuration  of  DACHSHUND  I, 
transient  forces  and  displacements  con  be  measured  in  the 
normal  direction  when  the  pneumatic  system  Is  used;  how¬ 
ever,  when  lead  weights  replace  the  pneumatic  system,  the 
dynamic  measuring  system  in  the  normal  direction  cannot  be 
utilized.  Thus,  certain  assumptions  regarding  the  displace¬ 
ment  behavior  in  the  normal  direction  are  required.  Studies 
ot  the  Massachusetts  Institute  of  Technology  have  unveiled 
some  factors  that  are  particularly  pertinent  to  this  disucssion. 

Healy  (10),  using  a  torsional  device,  has  shown  that  the 
magnitude  of  dilation  (expansion)  in  a  dense  sand  is  essen¬ 
tially  independent  of  normal  lood.  Whitmon  (6)  has  reported 
the  results  of  staric  direct  shear  tests  on  dense  sand  which 
controlled  the  nsagnitude  of  dilotion.  These  results  indicote 
that  if  the  specimen  is  not  allowed  to  expand  completely, 
failure  cannot  be  achieved. 

These  conclusions  suggest  the  conceptual  model 
shown  in  F'  jre  13.  In  order  that  the  middle  grain  in  this  y 
model  be  free  to  move,  which  omounts  to  failure,  the  upper  ^ 
and  lower  grains  must  provide  space  for  the  middle  groin  Q 
movement  by  displacing  vertically,  if  this  "passogc"  is  not  ^ 
provided,  failure  cannot  occur  and  in  addition  the  amount  of  ^ 
expansion  is  not  dependent  on  the  normal  force  between  y 
grains.  ^ 

Based  on  the  assumption  that  this  model  is  volid  in 
the  dynamic  range  for  the  two  different  methods  of  normal 
load  applicotion  previously  discussed,  some  comparisons  can 
be  made.  In  both  cases  the  total  expansion  will  be  the  same 
and  also  the  rise-times  to  failure  are  measured  to  be  ap¬ 
proximately  the  same.  Thus  the  velocity  and  accelerations 
in  the  normal  direction  could  be  anticipated  to  be  com¬ 
parable. 

On  this  basis  of  equal  uccelerations,  any  increase 
in  force  in  the  normal  direction  would  br>  directly  propor¬ 
tional  to  the  mass  of  the  moving  vertical  assembly.  For  the  lead  weight  configurotion  this  mass  is,  cf  course,  directly 
proportional  to  the  normal  load.  Thus  for  any  particular  values  of  static  confinement,  os  shown  in  Figure  14,  on  increase 
in  normal  load  (Av)  due  to  the  inertial  effects  will  occur  which  is  proportionol  to  the  static  value  of  the  normal  load. 
Therefore,  the  "actuol"  envelope  will  also  be  a  straight  line  passing  through  the  origin  but  with  o  reduced  friction  angle. 
It  could  be  expected  that  the  magnitude  of  this  shift  would  place  the  "octuol"  envelope  coincident  with  the  lower 
envelope  in  Figure  14,  due  to  the  insensitivity  of  sand  to  load  rate  effects  independent  of  inertial  effects. 
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Reoction  Troces  for  Different  Methods 
of  Normol  Force  Application 
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DENSE  SAND 


CONCLUSIONS 

Based  on  the  results  of  this  investigation,  the  following  conclusions  may  be  drawn: 

1 .  The  variation  in  strength  of  cohesive  soils  os  o  function  of  rote  of  lood  application  is  best  reflected  by 
the  cohesion  poromefer. 

2.  Apparent  "lateral  inertial"  effects  have  been  observed  under  boundary  conditions  quite  different  than 
those  imposed  by  the  triaxial  test  thus  substantiating  their  existence  independent  of  the  testing  device. 

3.  For  soils  that  dilate  when  sheared,  the  inertial  forces  normal  to  the  foilur*  plane  may  alter  t'^e  opporent 
dynomic  strength  of  the  soil- 
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NORMAL  FORCE 

Fig.  13  Conceptual  Model  of  Fig.  14  Interpretation  of  Strength  Envelope* 

Failure  Mechanism 
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A  NEW  DEVICE  FOR  SOIL  STRAIN  MEASUREMENT 

by 

W.  B.  Truesdaie*  and  M.  E.  Anderson** 


DESCRIPTION  OF  SOIL  STRAIN  GAUGE 

The  determinction  of  strain  requires  the  n-sasurement  of  the  change  in  position  of  two  points  spoced  a  finite 
distonce  apartc  The  ilTKI  gouge  (1,2)  developed  for  measuring  stotic  and  dynamic  stroins  in  soil  is  shown  in  Figure  1 . 

The  gauge  consists  of;  11  driver  and  sensor  coils  to  be  placed  in  the  soil,  2)  driver  and  sensor  coils  on  an  adjustable 
precision  ^  and  31  ^he  electronic  auxiliaries.  The  electronics  include  an  oscillator  with  o  driver  amplifier,  a 

signol  amplifier,  a  ring  demodulator,  filter,  and  meter.  Output  terminals  are  provided  for  connection  to  a  cathode 
oscilloscope  for  observing  and  photographically  recording  transient  strains  during  dynamic  tests. 

Figure  2  shows  the  basic  components  for  application  os  o  soil  strain  sensor.  The  embedded  coil  disla  serve  as  the 
strain  sensing  element  and  must  be  placed  in  the  soil  in  a  nearly  parallel  and  axially  concentric  orientotion.  The 
externally  positioned  coils  serve  as  a  null  reference.  As  the  soil  is  deformed  induced  differential  coil  movements  are 
determined  by  the  resulting  electronic  signal. 


Aiijubtable 
MiC  rorntter 


Fig.  2  Pictorial  Diagram  of  Soil  Strain  Gouge. 
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PRINCIPLES  OF  OPERATION 

TKe  soil  strain  gauga  employs  the  differential  transformer  principle;  the  driver  and  sensor  coil  in  each  set  are 
analogous  to  primary  and  secondary  transformer  windings,  respectively.  The  electronics  are  designed  to  measure  smell 
changes  in  mutual  inductance  coused  by  a  char>ge  in  flux  detected  by  a  sensor  coil.  The  circuitry  is  more  easily  described 
with  the  aid  of  the  blockdiagram  shown  in  Figure  3.  The  instrument  electronics  consist  of  the  following: 

1.  A  low  distortion  50  KC  oscillator  and  temperature  compensoted  power  output  stage. 

2.  A  high  gain  four  stage  amplifier. 

3.  A  synchronous  detector  whose  output  is  read  on  a  100-0-100  microamp  meter  and  is  also  ovailable  at 
output  terminals  provided  for  connection  to  a  cathode  roy  oscilloscope. 

A  high  frequency  signol  (50  K  cps)  is  applied  to  the  "driver"  colis.  The  magnetic  field  produced  by  this  high 
frequency  current  induces  a  voltage  in  the  sensor  coils,  the  magnitude  of  which  is  o  function  of  the  amount  of  magnetic 
flux  linkage  and  hence,  a  function  of  the  caU  spocing.  The  percentage  voltage  change  which  occurs  across  a  sensor  coil 
for  small  changes  in  spacing  is  small.  However,  the  two  sensor  coils  are  connected  in  o  bridge  circuit  so  that  the  output 
signal  is  the  difference  of  the  individual  coil  output  voltages.  Since  this  signal  is  the  change  with  respect  to  a  null,  or 
zero  voltage  reference,  the  mentored  percentage  change  in  output  voltoge  is  greatly  increosed. 

M!  four  coils  in  the  driving  and  sensing  circuit  are  grounded  on  one  side.  This  ollows  a  uniformly  disiiibuted 
capacitance  to  be  formed  from  the  ground  ro  rrte  h.'t  side  of  rhe  coil,  facilitating  the  balancing  of  the  bridge  circuit. 

The  bridge  coinprises  the  two  secondary  sensor  coils  and  two  matched  7.5K  ohm  resistors. 

The  output  voltage  from  the  bridge  is  amplified  in  a  four  stage  signal  amplifier  to  increose  sensitivity  so  that 
very  smoll  changes  in  spacing  may  be  detected.  Broad-band  low-noise  silicon  ‘ronsistors  ore  used  throughout  the  amplifier 
stages  to  provide  stability. 


I _ I 

Fig.  3  Block  diogrom  of  soil  strain  gouge. 
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The  voltage  signal  of  interest  is  the  envelope  of  the  high  frequency  corricr;  the  amplitude  of  which  is  pro¬ 
portional  to  changes  in  the  coil  spacing.  To  separate  the  envelope  from  th.e  high  frequency  carrier  the  output  from  the 
signal  anplifier  is  applied  to  two  terminals  of  a  cooventionol  ring  demodulator.  This  type  of  demodulotor  is  sometimes 
called  a  synchronous  detector  ond  permits  operation  with  a  suppressed  carrier.  The  other  two  terminals  of  the  demodulotor 
are  driven  by  the  50  KC  reference  voltage.  The  demodulator  output  is  zero  when  the  carrier  input  is  zero  or  nulled,  and 
is  either  positive  or  negative  in  polority  when  the  two  sensor  coil  voltages  are  not  equal .  The  polarity  depends  on  which 
coil  has  the  larger  voltoge,  thereby  indicating  whether  the  coils  hove  moved  cluser  together  or  forther  apart. 

OPERATIONAL  PROCEDURE 

Static  Meosurements 

Wfien  tJie  externally  positioned  coils  ore  at  the  same  spacing  as  the  embedded  coils  the  gouge  output  is  nulled. 
As  deformotion  occurs  in  the  soil  moss  the  change  in  spacing 
of  the  embedded  coils  is  determined  by  adjusting  the  spacing 
of  the  reference  coils  to  continually  renull  the  meter.  Incre¬ 
mental  changes  can  be  read  directly  off  the  micrometer  heed. 

Dynamic  Meosurements 

Gouge  output  rnust  be  displayed  on  un  osu.'!! 
or  some  other  suiroble  high  impedance  recording  device. 

The  gauge  must  be  calibrated  in  place,  because  its  sensi¬ 
tivity  varies  with  spacing  of  the  coils  and  with  the  degree 
of  misalignment  of  the  embedded  coils.  The  procedure  for 
calibration  is,  however,  accomplished  quickly  and  simply 
with  the  reference  coils.  Since  the  coil  sets,  external  and 
embedded,  are  identical  the  output  of  the  reference  colls 
for  a  given  displacement  from  the  nulled  position  is  of 
equal  magnitude  to  the  output  of  the  embedded  coils  for  an 
identical  displacement  from  the  nulled  position.  Figure  4 
displays  records  of  transient  strains  superposed  on 
caiibrotion  records. 

The  horizontal  traces  represent  the  calibration 
record,  and  are  obtained  by  displacing  the  reference  coils 
in  incremental  steps  off  the  null  position  and  photographing 
the  resulting  incremental  Increases  in  voltoge  displayed  on 
the  oscilloscope.  Tbe  reference  coils  are  then  returned  to 
the  null  position  ond  the  polarity  of  the  signal  output  to 
the  oscilloscope  reversed.  (This  is  necessary  because  the 
output  of  the  errbedded  coils  is  of  oppo'ite  polarity  to  the 
reference  coils.)  The  instrument  is  then  reod/  to  record 
a  transient  strain. 

COIL  DISPLACEMENT  parameters 

The  coils  laid  in  the  soil  os  well  as  those  attached 
to  the  precision  odjustobie  coil  mound  must  be  os  closeK 
aligned  as  possible  on  the  same  axis  in  parallel  orientotion. 

This  is  necessory  becouse  the  flux  density  of  the  mogoetic 
field  vories  not  only  with  the  perpendiculor  distance  from  the 
plone  of  the  coil  but  also  with  rodiol  distonce  from  the  coil 
center  line.  — — 

Figure  5  depicts  the  coil  diiplocement  porometers. 

To  reduce  the  sensitivity  of  the  gouge  to  loterol  .-fiiplocement 
of  the  coils  with  respect  to  eoch  other,  either  during  ploce* 
ment  in  the  soil  or  dc^ng  a  test,  the  sensor  coil  windings 
ore  wound  to  a  smaller  diometer  than  the  driver  coil  windings. 

This  permits  a  slight  amount  of  relative  lateral  movement 
while  the  sensor  coil  remoins  in  a  portion  of  the  magnetic 
field  of  constont  flux  density. 


Fig.  5  Coil  Position  Porometers 
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Rotational  miralignment  effects  ore  relatively  less  severe  than  lateral  misalignment.  Theoreticolly,  pure 
rotatior;  of  the  sensor  coil  should  hove  very  little  effect  on  gouge  output  since  half  of  the  coil  moves  closer  to  the  driver 
coil  while  hoif  moves  oway.  Thus,  while  half  the  coil  moves  into  a  por+ion  of  tlie  field  of  increosed  flux  density,  half 
also  is  in  a  portion  of  reduced  flux  density.  However,  rotation  of  either  the  driver  or  sensor  coil  influences  the  gauge 
output  signal . 

Figure  6  compares  output  signal  versus  axiol,  lateral,  and  rotational  displocements  at  a  separation  of  0.5  inches. 
The  output  for  the  coils  opening  and  closing  was  ootoined  with  the  coils  in  each  set  aligned  in  an  axially  concentric  and 
parallel  position,  i.e.,  with  reference  to  Figure  5  both  X  and  0  were  zero.  The  output  obtained  for  an  incremental 
decrease  in  spacing  of  either  coil  set  was  identical,  however,  slight  differences  occurred  for  incremental  increases  in 
spocings.  The  differences  in  output  are  due  to  the  fact  that  the  coil  sets  are  rK>t,  in  foct,  identical.  This  may  be  due  to 
variations  in  the  number  of  turns  with  which  the  coils  were  wound  or  to  inherent  variations  the  wire  itself. 

The  lateral  and  rotational  output  •*,  shown  for  displacements  to  both  sides  of  the  aligned  position.  It  is  seen  that 
the  influence  of  lateral  misolignment  is  symmetricol  about  the  nulled  position.  Rototicnc-I  misalignment  is  not.  This  is 
partially  due  to  the  difficulty  of  rotating  the  coils  without  changing  the  axial  spacing,  but  is  primarily  on  effect  of  the 
rotating  coil  lead  wires  which  moved  either  closer  tn,  or  farther  away  from  the  other  coil  os  the  rotation  toox  place. 

Figures  7,  8  and  9  show  tfie  influence  of  .misolignment  of  the  coils  on  the  gauge  output.  Tfie  test  coils  refer  to 
the  coils  which  were  misaligned  and  simulate  the  possible  position  of  an  embedded  set  of  coils.  The  reference  coils  were 
aligned  ■?;  -<-?*!  possible,  as  would  Le  tli«  siruutiun  in  octuol  use.  Both  coils  were  initially  nulled  in  an  aligned 
position  at  a  spocing  of  0.5  in.  When  the  test  coils  were  moved  through  o  li  teral  ond,  or  rotctionol  displocement,  the 
spocing  of  the  reference  coils  was  adjusted  to  renull  the  meter.  The  change  in  the  spacing  from  0.5  in.  is  the  error  which 
would  be  introduced  in  determining  the  seporation  of  the  test  coils,  were  they  embedded  in  a  soil  specimen  misaligned 
os  indicoted  on  the  ngjrws.  It  con  seen  that  the  output  for  axial  displacement  of  the  referwice  coils  still  serves  cs  an 
odeguate  calibration  for  the  test  coils. 

The  absolute  magnitude  of  misolignment  which  can  be  toleroted  wies  with  spocing,  especially  with  reweet  to 
lateral  displacement.  In  general,  it  has  been  found  thot  if  the  coils  con  be  ploced  with  not  greater  than 
relative  rotation  and/or  lateral  offset  of  10  percent  ot  the  coil  spacing  they  will  perform  quite  satisfactorily ,  Experience 
has  shown  that  with  proper  core  the  gauges  con  be  corssiitently  placed  within  these  tolerofKes. 

placement  in  soil 

Sotisfoctary  olignment  of  hie  embedded  coil  dish>  f>ai  been  obtained  by  inserting  o  rod  through  the  center  of  both 
coil  disks  during  placement.  The  following  procedures  recommended  for  plocing  tHe  gouge  ore  of  course  arbitrary  and  moy 
be  changed  to  suit  a  particular  application  or  *he  convenience  of  the  user. 

Plocement  in  Dry  Sand 

- son  •5^  is  prepared  to  the  level  at  which  it  Is  desired  to  ploce  the  gouge.  The  first  coil  is  loid  on  the  wd 

surface  ond  the  olignment  rod  ploced  through  the  center  cf  the  coil  (Figure  lOo)  so  thot  if  is  perpendicuior  to  the  soil 
surfoce.  The  rod  is  of  stepped  diometer,  the  larger  diometer  being  0.10  in,  ond  the  smoller  of  0.04  in.  The  smeller  dio- 
mefer  paesei  through  a  hole  in  the  center  of  the  coil .  The  step  in  the  diometse  of  th*  rod  serves  to  hold  the  coil  flot  on 
the  soil  surfoce.  Additional  sand  is  then  ploced  ta  raise  the  level  of  the  surioce  to  a  height  above  the  coil  opproximotely 
equol  ta  the  desired  spacing.  The  second  coii  hot  o  hole  in  the  center  large  enough  ro  permit  it  ta  be  slid  down  the  shaft 
of  the  olinnmenf  rod  to  rest  cn  the  sand  surface.  A  slight  amount  of  pressure  is  placed  on  this  coil  to  hoM  it  fiat  on  the 
surfoce  (Figure  lOb)  while  it  is  covered  with  so  u.  It  is  recomm«nded  in  piecing  both  coils  that  leod  wires  be  covered 
immediately  as  movement  of  the  leod  wires  during  placement  con  coute  rofotionoi  or  loferal  misolignment  of  the  coil 
disks.  After  the  upper  coil  has  been  covered  with  about  I  inch  of  sc't  the  rod  it  removed.  At  thot  poir*  coil  spocing  is 
determined  by  odjusting  the  position  of  the  reference  coil  on  the  micrometer  mc-mt  to  n<.ll  the  instrument. 

If  vibration  it  to  he  applied  to  the  test  bed  to  obfoin  greoter  sand  densities  it  is  recommended  thot  the  oligi-.ment 
rod  not  be  withdrawn  until  after  vibration  is  completed. 

prepared  to  the  level  desired  for  plocement  of  the  gouge,  the  Ont  coil  Inyed  <v>  the  toil 
surfoce  and  the  roi  ploced  thnsugh  the  center  of  the  toil.  Additionoi  soil  is  then  ploced  and  compocted  around  hve  rod 
to  obtain  the  cover  r.eceisory  to  give  the  desired  gouge  spocing.  The  second  coil  it  then  slid  do«m  th#  ihoft  ond  placed  on 
the  toil  mrfsKe.  Additior'ol  toil  it  compoctsrd  to  a  height  of  2  ta  3  inches  obove  the  f ap  coil  and  the  olignment  rod 
removed. 

A  good  deal  of  core  is  required  in  placing  the  gouges  in  compocted  moterids.  A  tsorvord  Minioture  Tomper  wos 
o  20  lb  spring  and  modified  I  in.  diometer  tonping  heod  it  recommended.  Obviously  this  device  is  not  Svitobie  for 
preporat'ivi  d  large  tost  beds.  In  these  opplicotiorH  it  will  probably  be  better  ta  p.'caare  th#  'cst  bed  ond  excovotc  for 
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Relative  Coil  Displacement  Vs.  Output  Signol 


Displacement  Vs.  Output  Sipnol 


Refe  renc  e 
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I  Dispiacem^nt  V».  Output  Signal 


Rotational  Misalignment  of  10 


Relative  Coil  Displacement  Vs,  Output  Signal 
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gauge  placement.  Techniques  would  then  be  required  to  refill  the  excavation  at  the  same  density  as  the  remoinder  of  the 
test  bed.  It  has  been  found  to  be  quite  difficult  to  mointain  good  alignment  when  applying  significant  compactive  effort 
in  the  immediate  vicinity  of  the  gauge, 

CONCLUSION 


The  soil  strain  gauge  is  adaptable  to  a  wide  variety  of  soil  stroin  mecsurement  applications  and  has  many  desirable 
features.  These  features  include: 

1.  The  gauge  components  are  physically  uncoupled  to  minimize  placement  problems  and  gauge  influence 
on  the  surrounding  soil, 

2.  Precise  initial  spacing  of  the  two  coils  Inserted  in  the  soil  is  not  required;  this  can  be  determined 
accurately  after  placement, 

3.  When  ths  coils  are  ploced  within  specified  alignment  tolerances.,  precise  initial  and  differential 
measurements  are  obtained. 

4.  Wide  frequency  response  accommodates  measurement  of  transient  strains  with  rise  times  in  excess 
of  100  microseconds  as  well  as  strains  occurring  under  static  loadings. 

5.  Calibration  for  dynomic  tests  is  quick  and  simple. 

6.  The  coils  are  expendable  because  of  their  low  cost. 


(a)  First  Coil 


(b)  Second  Coil 

Fig.  10  Coil  placement  techniques 
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SHOCK-ISOLATING  BACKPACKING  MATERIALS, 
A  REVIEW  OF  THE  STATE  OF  THE  ART 
by 

George  C.  Hoff* 


SYNOPSIS 

From  a  review  of  tfie  ^ypes  and  effects  of  nuclear  blost  loading  on  buried  structures,  a  basic  design  criteria  for 
bockpoclcing  materials  has  been  established  .rnd  is  reviewed  along  with  the  techniques  used  in  determining  the  energy- 
absorbing  characteristics  of  the  backpacking  materials.  An  example  is  developed  to  show  how  backpacking  materials, 
when  placed  around  buried  structures,  will  absorb  a  portion  of  the  applied  shock  energy  thereby  reducing  the  forces  which 
reach  the  structure. 

Various  programs  in  the  development  of  such  materials  as  foamed  plostics,  honeycombs,  insulating  concretes, 
granular  materials,  and  other  similar  materials  which  could  be  adequately  used  as  backpacking  are  reviewed  with  limited 
data  being  presented. 


INTRODUCTION 

The  field  of  structure-medium  interaction  has  long  commended  the  attention  of  individuals  concerned  with  the 
design  and  construction  of  buried  structures.  With  advances  in  the  use  of  thermonucleor  weapons,  the  difficulty  in  under¬ 
standing  st  ucture-medium  interactions  and  therefore  the  designing  of  buried  structures  has  become  further  complicated  by 
the  introduction  of  complex  ground  motions  and  very  high  applied  loads.  The  design  of  buried  structures  to  resist  these 
effects  usually  results  in  design  loads  which  are  so  high  that  overconservative  design  would  be  extremely  costly.  On  the 
other  hand,  catastrophic  failure  of  the  structure  due  to  under-design  cannot  be  tolerated. 

The  applied  forces  for  which  a  blast-resistant  structure  must  be  designed  are  transient  in  nature  and  their 
probability  of  occurrence  is  small.  The  magnitude  of  these  forces  depends  on  a  number  of  foctors  over  which  a  designer 
has  no  control.  To  eliminate  some  of  the  many  unknowns  imposed  on  the  structural  design  of  buried  structure,  the  designer 
may  employ  various  structurol  systems  in  selected  environments  which  will  increase  the  probability  of  survivol  of  the 
structure  and  its  contents.  It  is  the  purpose  of  this  paper  to  review  the  stote  of  the  ort  of  a  technique  that  can  be  used  for 
controlling  the  magnitude  of  the  forces  being  applied  to  buried  structures  by  blast  loading,  i.e.,  the  use  of  backpacking 
materials  for  shock  isolation  of  buried  structures. 


BACKGROUND 

Approximately  50  percent  of  the  fission  energy  of  a  low-altitude  detonation  (less  than  l(X},(XX)  feet)  is  utilized 
in  the  production  of  blast  and  shock  (41),  The  effective  energy  of  the  burst  will  be  dependent  upon  the  actual  height  of 
the  explosion,  as  >  ell  os  upon  its  energy  yield,  but  the  general  phenomena  are  similar  in  all  cases.  Nearly  oil  the  shock 
energy  appears  as  aii  blast  which  indirectly  transmits  energy  to  the  ground.  Some  energy  is  also  transmitted  directly  into 
the  ground.  Regardless  of  the  mode  of  tronsmission,  tremendous  omounts  of  energy  ore  introduced  into  the  earth,  ond, 
although  some  energy  dissipation  occurs  through  internal  domping  ond  the  process  of  doing  work  on  the  medio,  considerable 
s  V  energy  is  still  present  at  great  distonces  from  the  explosion.  The  charocter  ond  strength  of  the  shock  reaching  a 
buried  structure  may  be  influenced  by  the  stress-strain  characteristics  of  the  medio  the  shock  travels  through  (26).  In  order 
to  prevent  excessive  amounts  of  this  shock  energy  from  reaching  the  structure,  a  suitoble  method  for  diuipating  the  energy 
must  be  developed.  This  paper  deals  with  the  concept  of  using  bockpocking  materials  ond  reviews  the  types  of  materials 
currently  under  investigation  for  this  purpose. 

Recent  investigotiors 

Interwt  in  the  use  of  bockpocking  for  shock-iso 'otion  of  entire  buried  structures  hos  generoted  mony  ideos  os  to 
the  feosibility  and  composition  of  various  systems  and  moteriols  that  could  be  satisfoctorii>  used  as  bockpocking.  As  early 
as  1953,  Engineerirtg  Reseorch  Asiociotes,  et  ol  (9),  in  a  report  to  the  USA  Corp  of  Ersgineers  on  Underground  Explosion 
Test  Programs  suggested  that:  "The  space  between  the  lining  ond  the  tunnel  surfoce  should  be  filled  with  o  moterial  of  low 
density  that  will  absorb  the  energy  of  ttie  flying  rock,  distribute  the  pressure  from  folten  rock,  ond  provide  a  mismotch  of 
ocoustic  impedance  so  that  reflection  will  take  ploce  at  the  tunnel  surfoce  rather  than  ot  the  surface  of  the  lining." 

‘Project  Engineer,  &>gineering  AAechonics  Section,  Corp  of  Engineers,  U.S.  Army  Engineer  Waterways  Experiment  Stotion, 
Vicksburg,  Miuinippi. 
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GROUND  MOTION  AND  INSTRUMENTATION 


In  1957,  Vaile  (42)  reported  on  the  beneficial  use  of  o  frangible  backfill  in  isolating  ond  protecting  underground 
structures  in  operation  PLUMBBOB  from  violent  ground  motions  in  their  vicinity.  During  operation  PLUMBBC  3,  verticol 
concrete  pipes  covered  with  concrete  slabs  were  lined  one  layer  thick  on  the  sides  ond  bottom  with  empty  glass  quort  gin 
bottles.  When  compared  to  the  control  pipe  for  the  experiment,  which  hod  soil  backfilled  directly  ogainst  it,  it  was  found 
that  the  peak  accelerations  produced  by  shear  forces  exerted  on  the  sides  of  the  isolated  pipes  were  reduced  to  26  percent 
of  those  experienced  by  the  control  pipe.  This  reduction  was  attributed  in  port  to  the  collopse  ond  crushing  of  the  gloss 
which  dissipated  a  portion  of  the  shock  energy. 

In  two  related  studies  performed  by  Sevin,  et  a!  (30,31),  at  the  Armour  Research  Foundation  (now  the  Illinois 
Institute  of  Technology  Research  Institute),  various  devices  were  employed  on  or  about  cylinders  buried  in  silica  sond  in 
order  to  alleviate  shock-induced  motions  of  the  cylinders.  These  devices  consisted  of  1)  wrapping  the  cylinders  in  flexible 
and  rigid  polyurethane  foams;  2)  the  use  of  air  voids  between  the  media  and  cylinder;  3)  the  use  ot  pre-expanded  poly¬ 
styrene  beads  as  a  crushable  bockfill  aggregate  and,  4)  the  use  of  sand  of  varying  densities  os  backfill  Aggregate  separated 
from  the  overall  bed  by  a  stove  pipe.  The  conclusions  reached  were  that  polyester  urethane  foams  placed  around  a  cylinder 
and  other  materials  functioning  as  a  loose  backfill  aggregate  were  effective  in  attenuating  the  response  of  the  isolated 
structures. 

Da  Deppo  and  Wemer  (5),  in  a  study  on  the  influence  of  mechanical  shielding  on  the  response  of  buried  Cylinders, 
introduced  a  crushable  layer  directly  over  the  buriea  cylinder.  The  use  of  this  crushoble  mnteriol  greatly  reduced  -he 
magnitudes  of  the  loads  reaching  the  cylinder. 

Fowles  and  Curran  (10),  in  presenting  theoretical  descriptions  of  the  propagotion  of  a  pressure  pu’^e  in  a  potential 
backpacking  material,  suggest  that  foamed  or  distended  materials  are  effective  in  reducing  the  peak  pressures  lel'vwred  to 
a  structure  when  on  impulse  is  applied  to  the  opposite  surface  of  the  foam. 

In  discussing  the  methods  of  mitigating  the  effects  of  shock  for  lined  tunnels  in  rock,  Newmork  ond  Merritt  (26) 
state  that  the  current  design  concept  for  protective  linings  in  competent  rock  includes  the  provision  for  a  highly  deformable 
materia!  between  the  face  of  the  rock  and  the  lining-  "It  would  oppear  that  the  magnitude  of  ,  .  .  forces  (generated  by 
small  impacts)  reaching  the  lining  could  be  significantly  reduced  if  a  crushable  material  is  introduced  between  the  face  of 
the  rock  and  the  lining  (26)." 

Smith  and  Thompson  (36),  suggest  that  the  shock  energy  reaching  a  buried  structure  in  rock  can  be  partially 
dissipated  by  1)  a  reflection  of  energy,  and  2)  by  energy  absorption.  They  suggest  that  these  requirements  be  met  by 
interjaosing  a  material  between  the  structure  and  the  confining  medium  that  hos  a  low  shock  impedonce  with  respect  to 
that  of  the  confining  medium.  The  impedance  mismatch  which  occurs  will  cause  some  energy  to  be  reflected.  If  Hit 
low-shock  impedance  material  is  also  very  deformable  under  applied  loods,  it  will  absorb  the  energy  present  In  *he  form 
of  ground  motions,  thereby  meeting  the  two  requirements. 

Design  Criterio 

A  review  of  the  investigations  cited  above  and  other  similar  projects  provides  on  insight  os  to  what  is  necessary 
in  designing  o  backpacking  system  tor  shock-isolation  purposes.  In  general,  o  suitable  backpacking  should  be  a  frongible 
or  crushable  material  possessing  a  low  breaking  or  crushing  stress  level  and  a  high  degree  of  compressibility.  If  possessing 
these  characteristics,  the  material  should  dissipate  a  portion  of  the  shock  energy,  thereby  reducing  the  mognitudes  of  the 
forces  reaching  the  structure  ond  should  accommockite  the  deformotions  of  the  covity  in  which  the  structure  hos  been 
ploced.  Due  to  the  large  relative  costs  of  construction  versus  design  overpressures  (3)  the  scope  of  Interest  of  this  poper 
will  be  restricted  to  design  overpressures  less  than  ICXX)  psi;  that  is,  the  mognitude  of  stress  tronsmitted  to  the  structure 
through  the  backpocking  moterial  will  be  less  than  1000  psi.  Assuming  single  burst  iooding  where  closure  of  the  covity 
is  imminent,  deformations  of  the  bockfill  to  accommodate  this  closure  should  be  opproximately  In  other  coses,  it 

may  be  considerably  less. 


THEORY 


Pressure-volume,  Stress-stroin  Relationships 

file  mojority  o^  tlie  moteriols  investigated  both  in  the  post  c»nd  ot  present  generally  foil  into  two  distinct  cotegories: 
I)  moteriols  having  no  distinct  yield  point  and  some  degree  of  compressibility,  ond  2)  moteriolt  possessing  a  distinct  yield 
poin'  plus  some  degree  of  compressibility  .  Ideally  these  materiols  con  be  represented  by  pressure-volume  curves  for  o 
single-rigid  lockifsg  solid  (Figure  1)  ond  on  elostic-rigid  locking  solid  (Figure  2)  respectively  (10). 

Consider  first  the  cose  of  o  simple-rigid  locking  solid  (Figure  1).  The  originol  volume  is  designated  Vq.  Under  o 
very  small  applied  pressure,  the  specific  volume  decreases  to  V  j  of  nc  oppcecioble  increase  in  the  pressure.  At  Vj,  the 
moterial  locks  with  no  further  decrease  in  volume  occurring  with  odditionol  increoses  in  the  pressure. 

In  the  cose  ot  the  elostic-rigid  locking  solid  (Figure  2),  the  pressure-volume  curve  is  very  similor  to  thof  of  th* 
simple-rigid  locking  curve  but  with  the  odditioti  of  on  elastic  tegion  containing  a  definite  yield  point.  As  in  the  previous 
case,  the  initial  specific  volume  is  represented  by  Vq.  Under  the  application  of  pressure  the  material  behoves  os  on 
isotropic  elastic  solid  until  P^,  the  elastic  yield  pressure  is  reoched.  Beyond  that  pressure,  the  nvjterioi  behoves  like  o 
simple-rigid  locking  solid. 
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SOIL-STRUCTURE  INTERACTION 


Under  blast  loading  conditions,  the  loaded  areo  is  normally  so  great  that  the  portion  of  the  medium  under  con¬ 
sideration  and  its  inclusions  can  be  assumed  to  be  loterolly  confined  with  displacements  occurring  only  in  the  direction  of 
loading.  By  applying  this  assumption  of  lateral  restraint  to  the  ideal  pressure-volume  curves,  they  can  readily  be  converted 
to  stress-strain  curves  for  simple-rigid  and  elastic-rigid  locking  soiids  subjected  to  one  dimensional  compression  (Figure  3). 
To  indicate  more  clearly  the  behavior  of  real  materials,  the  locking  portion  of  the  curves  has  been  shown  os  an  inclined  line 
representing  the  elastic  behavior  of  the  solids  composing  the  materials  under  consideration.  With  the  addition  of  this  elastic 
portion,  the  simple-rigid  and  elastic-rigid  locking  solids  will  hereafter  be  referred  to  as  plasto-elastic  and  elasto-plastic 
materials  respectively.  This  conversion  to  a  stress-strain  relationship  provides  a  convenient  tool  for  evaluating  the  energy 
dissipatirsg  capability  of  the  materials. 

Energy  Absorption 

The  energy  absorbed  by  a  materia!  depends  on  two  factors:  1)  the  deformation  of  the  material,  and  2)  the  forces 
in  the  material  during  the  deformation  (8).  Tlse  product  of  the  strain  and  the  unit  force  results  in  the  amount  of  energy 
absorbed  by  the  material: 


E  =  <r X  €  =  areo  under  the  stress-strain  curve  (Figure  4) 
n 

E^  is  expressed  as  the  energy  per  unit  volume  of  material  and  can  bo  shown  for  all  cases  to  be. 


E  = 

n 


r- 


d  € 


(1) 


(2) 


Before  proceeding,  a  distinction  should  be  made  between  the  terms,  "energy  absorbed"  and  "energy  dissipated"  . 
Figure  5  represents  o  typical  stress-strain  curve  for  a  material  possessing  elasto-plastic  properties.  The  entire  shaded  area 
represents  the  energy  absorbed  per  unit  volurT<e  by  the  material  to  a  given  strain  C2-  When  the  opplied  forces  are  removed 
from  the  material,  some  strain  (€2  -  €])  may  be  recovered  due  to  the  elastic  properties  of  the  material.  The  energy  re¬ 
gained  during  this  recovery  is  known  os  rebound  energy.  The  actual  energy  dissipoted  by  the  material  then  is  equal  to  the 
absorbed  energy  minus  the  rebound  energy  (8),  or. 


Absorbed  Energy  =  Dissipated  Energy  -t  Rebound  Energy 


(3) 


i 


Much  work  has  been  done  in  the  post  both  by  industry  and  government  in  the  development  of  energy-dissipating 
theories  and  mechanisms.  It  is  not  my  purpose  here  to  make  o  thorough  survey  of  oil  the  literoture  on  the  obsorption  of 
energy  but  rather  to  discuss  the  use  of  bockpocking  materials  for  dissipoting  shock  energy  reoching  buried  structures.  An 
annotated  bibliography 
of  literature  pertaining 
to  the  absorption  of 
impact  energy  hos  been  p  1 
prepored  by  Ali  and  | 

Benson  (2),  which,  | 

olthough  concerned 
with  the  problem  of 
obsorption  of  impact 
energy  in  the  air  drop 
of  supplies  orsd  equip¬ 
ment,  reviews  the 
theory  ond  design  of  ^ 

energy -obsorbing  sys-  ^ 

terns  plus  the  energy-  1 
absorbing  moterioit 
which  moy  be  ovoil- 
oble.  This  bibliography 
may  be  referred  to  for 
o  more  comprehensive 
review  of  the  energy- 
absorption  concept. 
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Fig.  I  Pressure-Volume  Relation  for  o  Simple-Rigid  Lockirsg  Solid 
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GROUND  MOIION  AND  INSTRUMENTATION 


From  fhe  onergy  relationships  described  previously^  it  becomes  obvious  from  the  shape  of  the  stress-strain  curve 
thot  elasto-plastic  moteriols  are  more  efficient  energy  absorbers  than  the  plasto-elostic  moteriois.  Both  moterials  ore 
under  consideration  for  (.se  o:  backpacking;  however,  because  the  plasto-elostic  materials  may  be  more  economical  and 
thus  more  attractive  when  I  rr  »  /olumes  are  necessary. 


Stress  Transfer 

W^ien  the  closure  of  a  cavity  containing  a  backpacked  liner  is  uniform,  the  deformotion  of  the  bockpacking  will 
also  be  uniform,  and  hence,  if  the  backpacking  is  homogeneous  and  isotropic,  the  circumferential  stress  transferred  to  the 
structure  will  also  be  uniform.  The  magnitude  of  the  load  reaching  the  structure  will  depend  on  the  lood-deformation 
characteristics  of  the  bockpocWng  plus  the  amount  of  deformation  occurring.  If,  however,  the  deformation  or  stress  in  the 
bockpacking  is  non-uniform,  the  liner  will  tend  to  deform  into  an  oval  or  elliptical  shape  as  shown  in  Figure  6. 

Newmork  (25),  in  discussing  the  factors  to  be  considered  in  designing  blost  and  ground  shock -resistant  structures, 
approached  this  problem  by  permitting  the  lining  to  deform  by  such  an  omount  so  as  to  develop  in  the  backpacking  appro¬ 
priate  resisting  stresses  against  the  deformation.  The  lining  must,  in  this  case,  hove  requisite  strer>gth  in  compression  and 
in  buckling,  and  must  be  able  to  deform  sufficiently,  without  failure  or  fracture,  in  order  to  develop  the  required  resistarKe. 

In  developing  the  stress-transfer  theory,  Newmork  (25)  allowed  a  and  b  (Figure  6)  to  represent  the  displocement 
of  the  cavity  walls.  However,  because  of  the  deformations,  y,  of  the  liner  itself,  the  net  change  in  thickness  of  the 
backpacking  at  the  sides  is  b  -  y  and  a  >  y.  By  assuming  a  general  situation  of  lood-deformotion  for  an  elasto-plastic 
material  (Figure  7),  it  can  be  readily  seen  that  the  magnitude  of  the  net  differential  pressure  between  points  b  and  a, 
ossuming  the  lining  does  not  deform,  is  much  greater  than  the  net  differential  press'ire  he*'veen  points  b  -  y  and  u  ♦  y  are 
expressed  as  q  +  pj  and  q  -  p],  respectively,  it  can  then  be  said  that  the  average  of  these  pressures  is  the  uniform  com¬ 
ponent  of  load,  q,  and  that  the  difference  from  the  averoge  is  p|,  the  inward  or  outward  component  of  load.  It  is  this 
component  of  load,  p^,  which  tends  to  produce  the  elliptical  or  ovol  deformation  of  the  lining.  As  con  be  seen  from  the 
ideal  curve  in  Figure  7,  the  larger  the  net  differential  pressure  is,  the  greater  pj  is.  When  p^  is  large,  the  deformations 
of  the  lining  are  large.  When  lining  deformations  are  large,  the  backpacking  is  compressed  more,  thus  causing  the 
oressure  differential  to  become  smaller,  which  in  turn  reduces  p]  ond  thus  the  deformotions  of  the  lining  and  so  on  until 
'in  equilibrium  is  reached  at  a  uniform  pressure  q.  If  the  defonriations  of  the  covity  are  such  thot  point  b  lies  on  the  yield 
plateau  of  the  lo<ij-compre$sion  curve  for  the  backpocking,  the  moximum  stress  tronsferred  to  the  structure  will  be  equol 
to  or  less  than  the  yield  strength  of  the  backpocking. 

This  same  approoch  to  stress  transfer  can  be  implemented  using  o  load-deformotion  relationship  for  plasto-elostic 
moteriols  but  with  o  little  more  difficulty  as  it  is  reiotively  impossible  for  o  linirsg  inteructirsg  with  the  progressively 
increosing  stress-strain  relationship  of  a  plosto-elastic  materiol  to  develop  o  resistonce  characterized  by  o  nearly  uniform 
compression  on  all  sides. 


Thickness  Determinotions 
In  general,  tW 
bockpocking  is  most  effec¬ 
tive  when  designed  to  have 
an  energ>  absoiuing  capo- 
city  equal  to  that  of  the 
core  of  material  removed  to 
form  the  cavity  (25).  for  o 
plane  wave  of  stress, 
ossuming  overocie  deformu- 
rions  of  the  cavity,  the 
total  stroin  enertj;,  both 
elastic  .nid  plnstiv,  .-t'ich 

wcH-'l.!  htsvc  eosted  i  1  tne 
co*i’  ;t  mtj*erial  tnot  was 
te'^v  ved  con  be  ev  itixitrd 
Of  !  emjoff'd  to  the  rel  ifion- 
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y,  the  average  plostic  stress 
iw  the  bochpoching  ond,  C, 

•  plastic  strain  in  the 
(voC-ing,  con  be  eroisiated 
<71.  T  he  total  pkatk 
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SOIL-STRUCTURE  INTERACTION 


Fig.  3  Ideal  Streu-Sirain  Relations 


Fig.  4  Ideal  Stress-Stroin  Relations  Showing 
Energy  Absorbed  to  o  Given  Stroin,  c 


allowances  for  the  solid  elosti'"  particles  of  the  bockpocking  form  the  boiis  for  determining  the  thickness,  t^  of  the  bock- 
pocking.  When  the  cavity  is  in  rock,  the  bulking  phenomeno*  ond  the  kinetic  energy  of  spoil  projectiles  must  olso  be 
considered  in  the  thickness  determination  (25), 


MATERIALS 

The  two  ideol  stieu-stroin  relationships  shown  in  Figure  3  define  the  properties  of  a  voriety  of  moferiols.  Figure  8 
shows  the  relationship  between  the  ideal  and  typicol  stress-stroin  curves  for  both  types  of  moteriols. 

The  typical  curve  shown  in  Figure  So  represents  the  stress-stroin  reiotionship  for  materials  thot  do  not  posseu  a 
definite  yield  point  (plosto-elostic)  but  ore  still  very  comprouible,  either  elcaticolly  or  inelosticolly,  or  both,  Granulor 
moteriols  ore  o  representotive  material  for  this  type  of  u^rve.  Some  plastics  and  rubbers  also  possess  these  chorocteristics. 
However,  the  plosto-elostic  moteriols  diKussed  in  this  paper  will  be  primarily  the  gronulor  -rirterials. 

Figure  8b  represents  the  typical  streu-stroin  curve  for  elosto-plostic  moteriols  compared  to  the  ideal  curve.  In¬ 
sulating  concretes  ond  plostic  foams  ore  good  representofives  of  this  doss  of  rnoterioU,  olthough  some  gronulor  and  other 
moteriols  olso  exhibit  this  type  of  behavior. 


•A  reduction  in  (jiamr^er  (of  the  cavity)  occurs,  orisirsg  from  the  foct  thot  the  rock  is  crushed  orW  disploced  around  the 
outside  of  the  covity.  in  the  pmceit  of  doing  so,  it  "bulks"  ond  increcses  in  volume  thereby  decrcasirsg  the  volume  of 
the  covity  (25). 
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GROUND  MOTION  AND  INSTRUMENTATION 


In  fhe  following  dijcujsion,  no  otfempt  will  be  mode  fo  compare  ony  of  ^hc  moferiols  on  the  basis  of  actual  cost 
in  place,  but  for  general  information  purposes,  it  may  be  mentioned  that  granular  materials  ore,  with  few  exceptions,  the 
leost  expensive  materials.  The  insulating  concretes,  which  cost  more  in  place  than  the  granular  materials,  are  less 
expensive  than  the  most  economical  foomed  plastics  ond  honeycombs  in  place  by  a  factor  of  10  or  r  are. 

Such  foctors  os  the  actual  material  used,  degree  and  otnounf  of  isolation  required,  the  environment  in  which  the 
structure  is  located,  construction  techniques,  ond  other  related  foctors,  while  all  somewhat  interdependent,  contribute  in 
vorying  degrees  to  the  total  in-ploce-cost  of  the  material,  thus  making  ony  cost  comparison  except  a  general  one  almost 
in^ssible.  The  cost  of  the  bockpacking  system  and,  nence,  its  feasibility,  should  ce  evoluoted  for  eoch  prop'/sed  structure 
considering  the  known  environment,  ossumed  loading,  and  desired  response  thot  will  be  unique  to  that  -tructure. 

Plosto-Elostic  Materials 

Granular  Materiols.  Numerous  studies  hove  been  mode  to  define  the  energy-absorbing  mechanisms  of  granular 
materials  subjecteci  to  apolied  states  of  stress.  The  bulk  of  these  studies,  however,  have  been  concerned  v.ith  granule'- 
mote.iols  of  ccnsideroble  strength  that  were  subjected  to  stresses  veil  in  excess  of  our  present  level  of  interest.  Excellent 
summories  of  the  state  of  the  oft  pertaining  to  the  mechonisms  and  behavior  of  these  gronulor  materiols  hove  been  compiled 
by  Deresiewicz  (7)  and  Whitmon  (43). 

The  general  stress -strain  relationship  in  granular  materials  is  very  complicoted  and  is  to  a  large  extent  dependent 
on  the  mognitude  of  the  applied  pressure.  Hendron,  et  al  (12),  in  reporting  on  the  energy-absorption  copocity  of  granular 
cohesionless  materials  or,  one-dimensional  compression  provides  o  description  of  o  typical  stress-strain  curve  and  con- 
seqiiently  the  energy-obsortiing  mechanisms  for  gronulor  materials  which,  aithough  concerned  with  -iGterials  subjected  to 
much  higher  stress  levels,  odequately  illustrotes  (Figuie  9)  the  phervameno  necessary  for  bockpocking  using  gronuio: 
materials. 

The  behavior  in  Region  1,  the  very  low  stress-rarrge,  reflects  rearrangement  of  the  porticles.  When  vesiculateo 
gronulor  particles  are  subjected  to  the  some  low  stresses,  frogmentotion  by  shearing  ond  crushing  olso  occur  during  the 
particle  rearrangement,  thus  resulting  in  a  concave  upward  curve  for  the  some  region  (20),  The  absorbed  energy  in  both 
coses  is  nonrecoveroble. 

As  the  stress  increases  (Region  2),  the 
particles  begin  to  lock  together  in  g  stoble  motrix  of 

•  lostic  porticles.  Some  rearrangement  is  still  taking  . 

ploce,  but  the  overall  behavior  is  essentiolly  non-  j 

linear  elostic  in  nature,  therefore,  olltwing  most  of  ;  / 

the  energy  obsorbed  to  be  recoveroole,  y  ^ 

In  Region  J,  th#  stress  mognituJe  is  such  | 

ttiof  the  porticles  begin  to  crush  ond  further  reorror^e  * 

themselves.  Most  of  the  energy  dissipoted  here  in 

forming  new  surfoce  and  coniolidoting  the  porticle  is  /  "".s 

ncMatecoveroble .  /  ^ 

Region  4  behavior  is  similar  to  that  of  /  | 

Region  2  with  some  odditioncl  crushing  tokirvg  pioce.  /  j 

As  con  be  seen  fro  the  upper  curve  in  /  ^ 

Figure  9,  the  average  stress  required  for  compocfion  /  ^ 

depends  on  mony  things  including  the  initial  void  j  .  ^ 

ratio  of  the  groriulor  •novi,  the  angulcwih,  of  the  /  f 

porticles,  the  duration  ar»o  mognit,, Je  cf  th*  looding,  j  / 

and  the  inherent  strength  of  the  minerol  which  com-  /  ; 

poses  the  groin,  ftecouse  our  interest  is  in  moteriols  /  •' 

whose  itreu  level  ot  approximately  stroin  is  less  /  ‘  ^  ‘ 

then  liXX)  pli,  w*  wilt  i>e  cOncerr>eo  mainly  with  /  ^ 

Region  1  ond  perhaps  the  tower  portiorts  of  Region  2.  y  / 

Normolly  the  strength  of  fh«  aroifii  of  com-  > 

pelent  nofufdlly  occuning  moterial  are  loo  greet  to  y 

provide  the  large  deformotioni  required  before  1()00  J  / 

psi  applied  pressure  is  teoched.  Some  narurolly  y  I  x?  „  s 

occurring  groins,  however,  do  posseu  this  deformotior,  ^ _ _  " 

copobilit,  becouie  of  the  ver.  friobie,  vesicular  -x.  ^ 

nature  o*  fk.is  grain,  klotr  (20)  reported  ci-<  one  such 

moterioi,  volcanic  cindecs,  in  an  investigation  of  Fig,  9  Quolilolive  One-Oimensi<Xiol 

vorious  moreriols  for  use  os  bockpoexirsg  for  operation  Streu-Stroin  Curve  for  Gronulor 

NCH-'GAT,  Shot  HARDMAT.  Other  rsoturolly  v  ering  Moterioi  (Mersdron,  ei  ol,  12) 
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rTKaterials  can  be  oltereo  by  various  mechanical  rnd  rhermol  methods  to  produce  grains  of  a  composition  suitable  far  shock 
isolation  purposes.  Such  raaterials  as  expanded  cloy  (15),  expended  shale,  expanded  slog,  coke,  cool  cinders  (20), 
vermiculite  (15,27,36),  end  perlite  (15,27),  have  been  investigated  for  their  shock-dissipating  charocteristics  by  numerous 
investigators  v.ith  some  of  the  results  of  their  static  tests  being  sfiown  in  Figure  lOa, 

Artificial  groins  can  also  be  used  for  shock-isolotion  purposes.  The  waste  products  of  -arious  plojtic-foom 
manufacturing  processes  often  eon  be  adapted  for  use  as  gronular  material.  The  industrial  waste  as  well  as  artificial  grains 
manufactured  in  the  form  of  chips  or  aggregate,  ofieti  provides  adequate  shock-dissipating  charocteristics.  Such  artificial 
materials  (Figure  iOb)  as  phenolic  micro-boiloons  (10, 15),  exponded  polystyrene  beads  (15,30),  plastic  foam  chips  (15,20), 
foomed  mefa'lic  wasff ,  and  foamed  rubber  waste  (15)  hove  been  evaluated  and  founJ  adequate.  There  are  rriony  waste 
materials  which  could  prove  adequate,  but  because  waste  is  not  deliberotely  manufactured,  availability  ond  perhaps  cost 
would  probably  be  limiting  features. 

Foomed  MeterioU.  Many  foamed  matericis  do  not  posriess  a  definite  vield  point  but  begin  to  deform  with  the 
application  of  very  small  pressures.  The  resulting  stress-strain  curve  is  progressively  locking  and  can  be  assumed  to 
represent  a  piosto-elastic  material.  Examples  of  this  type  of  foamed  materiol  are  shown  in  Figure  11  (1), 


Fig.  10  Typical  Sfress-St'oln  Curves  for  Granulor  Plastc-F. lostic  Materials 
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Elasto-Piastic  Materials 

Many  investigations  into  the  energy  dissipating  charocteristics  of  various  elasfo-plastic  moteriols  hove  been  con¬ 
ducted  over  the  years  in  connection  with  the  pockoging  indi  stry  and  the  Quortermoster  Corps'  requirements  for  air-drop 
cushioning  (1,2,28,38),  From  these  investigations  emerged  a  family  of  foomed  plastics  and  honeycombs  whose  stress-stroin 
relationship  approximate  that  of  the  ideal  eiostic-rigid  locking  solid.  These  rnoteriols  can  be  fobricated  so  that  the  binder 
wiil  furnish  the  crushing  stress  level  desired  v^ith  the  fractional  volume  of  voids  or  pores  in  the  material  beirtg  controlled 
so  as  to  obtain  the  necessary  deformations.  This  is  not  the  final  answer,  however.  A  good  mony  of  the  foamed  plastics 
ond  honeycombs  are  very  expensive  ond  are  relatively  difficult  to  hondie  ond  place  in  sufficient  quantities  and  in  adverse 
environments  which  may  be  dictated  by  rhe  design  and  location  of  a  buried  structure.  These  problems,  in  general,  fostered 
the  need  for  o  relatively  inexpensive  construction  material  which  would  serve  the  some  purpose.  Research  ot  the  University 
of  Illinois  (20),  University  of  Texas  (33,35,36),  and  the  Waterways  Experiment  Station  (15),  hus  shown  that  insulating 
concretes,  i.e,,  concretes  hoving  oven-dry  density  of  less  than  50  pfc,  while  not  os  efficient  as  foamed  plastics  and 
honeycombs  in  some  respects,  will  provide  the  desired  shock-isolation  choracteristics.  The  disucssion  in  the  next  few 
paragraphs  will  be  restricted  to  these  three  types  of  materials,  i.e.,  foamed  plastics,  honeycombs,  and  insulating  con¬ 
cretes,  os  it  is  the  outhor's  belief  that  they  are  most  representarive  of  what  can  ot  the  present  time  be  used  most  effectively 
as  an  elasto-plastic  material  for  shock-isolation. 

Plastic  Foams.  Not  all  plastic  foams  possess  an  elasto-plastic  stress-siroin  relotionsfiip.  As  shown  previously, 
the  "flexible"  plastic  foams  often  produce  a  plasto-elastic  stress-stroin  relotionship  as  shown  in  Figure  11.  "Rigid"  plostic 
foams  generally  produce  the  elasto-plastic  relationship.  Both  types  transfer  stress  and  dissipote  energy,  but,  as  shown 
before,  the  elasto-plastic  materiel  is  more  efficient  in  both  respects, 

A  variety  of  rigid  foamed  plastics  are  available  and  suitable  for  shock- isolation  purposes,  but,  more  often  than 
not,  thty  are  extremely  expensive.  The  rigid  polyurethane  foam  is  perhaps  the  most  widely  investigated  (15,20,32,35,40), 
and  used  (10,23,30),  for  this  purpose.  Figure  12  shows  a  number  of  stress-strain  curves  for  o  rigid  polyurethane  foam. 
Despite  its  high  cost,  rigid  polyurethane  is  still  attractive  os  if  is  ovoilabie  in  most  areas,  is  fairly  homogeneous  and 


Fig.  11  Typical  Stress-Strain  Curves  for  Foamed  Plosto-Elostic  Moteriols  (All,  1) 
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isotropic  when  formoloted  properly;  if  possesses  the  desired  stress-strain  relationship  (Figure  12,1;  it  possesses  the  copobility 
of  being  fabricated  in  the  field  and,  if  closed  cell,  is  somewhat  nonsusceptible  to  ground-woter  infiltration  which  would 
reduce  its  eriergy-dissipating  potential. 

Other  types  of  foam  which  have  been  reported  os  suitoble  energy  dissipators  are  polystyrene  (15,22),  and  poly¬ 
vinyl  chloride  (10, 15).  Those  two  moterials  are  also  very  expensive  and  are  normally  available  only  in  relatively  small 
pieces  os  compered  to  the  needs  of  isolating  a  structure.  The  cost  of  assembling  and  fitting  the  small  pieces  around  a 
structure  would  be  very  great. 

Research  into  ana  development  of  the  capability  of  costing  large  volumes  of  foomed  plastics  around  tunnel  liners 
is  currently  being  undertaken  and,  if  successful,  will  undoubtedly  influence  their  in-place-cost  so  as  to  moke  them  more 
attractive  for  shock  isolation  purposes. 

Honeycombs .  The  use  of  prefabricated  honeycombs  hos  proved  on  effective  means  of  energy  dissipation  ond  stress 
tronsfer.  Honeycombs  hove  the  advantage  of  being  very  isotropic  if  designed  properly  so  that  the  maximum  stress  in  the 
packing  con  always  be  limited.  They  can  also  be  largely  impervious  to  ground-water  infiltration.  The  main  disadvantage 
honeycombs  hove  is  the  large  costs  that  will  be  incurred  in  the  plocing  of  the  material  around  the  structure. 

There  are  two  basic  types  of  honeycombs:  paper  and  metallic  honeycombs.  Paper  honeycombs  are  used  primarily 
at  stress  levels  less  than  ICX)  psi  (1,8,16,19,39)  (Figure  13),  while  the  metollic  honeycombs  are  more  effective  at  stresses 
in  excess  of  100  psi  (1,  11,  13,  21,  29,  38)  (Figure  14),  Because  of  the  noture  of  the  composition  of  the  honeycombs,  it 
is  doubtful  if  a  good  bond  between  the  honeycomb  and  the  structure  will  be  obtained.  Monufacturers  (1 1),  however, 
claim  that  an  excellent  forming  and  bond  can  be  obtoined  with  metallic  honeycombs. 


Fig,  12  Typical  Stress-Strain  Curves  for  Urethane 
and  Polyurethane  Rigid  Foamed  Plostics 
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Insulating  Concretes.  Insulating  concretes  are  best  defined  as  concretes  made  with  portland  cement,  water,  air, 
and  possible  aggregate  additions  to  form  a  hardened  material  which  will  hove  an  oven-dry  density  of  50  pcf  or  less. 

As  in  the  case  of  the  foamed  plastics,  the  hardened  matrix  provides  the  crushing  stress  level  while  the  voids 
necessary  for  deformation  ore  provided  by  the  air  and  in  part  by  the  aggregate.  The  strength  of  the  hardened  portlond- 
cement  paste  can  be  readily  controlled  but  the  deformations  present  some  problems.  If  an  aggregate  is  used,  it  must  be 
very  weok  and  friable.  Regardless  of  its  strength,  however,  it  still  contributes  somewhat  to  the  overall  strength  of  the 
hardened  mass.  Experience  has  shown  that  the  addition  of  too  much  aggregate  in  order  to  obtoin  nrK>re  deformotion, 
adversely  affects  the  workability  of  the  concrete,  thus  making  it  very  difficult  to  handle  and  place.  The  solution  is  that 
most  insulating  concretes,  such  as  vermiculite  (4,15,33,35,36),  and  perlite  (20,27)  concrete,  require  as  much  as  20  to 
30  percent  entrained  air  in  order  to  become  suitable  shock  dissipotors.  Cellular  concrete  (14, 15,20),  which  may  or  may 
not  contain  a  fine  sand  or  filler,  can  often  be  fourtd  with  air  contents  os  high  as  75%  of  the  total  concrete  volume. 

These  air  voids,  while  desirable  from  the  point  of  view  of  deformation,  tend  to  absorb  moisture  when  it  is 
available  from  the  surroundings.  The  voids,  upon  becoming  filled  with  fluid,  lose  their  effectiveness  for  shock  dissipation 
os  they  then  transmit  shock  loads  through  the  fluid.  Tests  (15,36),  hove  shown  that  very  large  water  pressures  are  necessary 
to  saturate  these  concretes  over  a  short  period  of  time  but  the  long-time  saturation  effect  of  a  con<'derabiy  smaller  pressure 
is  not  known.  It  is  the  author's  opinion  that  this  absorption  problem  is  not  insurmountable  and  could  be  remedied,  at  least 
in  part,  by  the  use  of  such  methods  as  chemical  "waterproofers,"  sandwich  construction,  grout  curtains,  and  well-point 
systems . 

Typical  stress-strain  curves  for  three  of  the  most  popular  insulating  concretes  are  shown  in  Figure  15,  along  with 
o  curve  for  concrete  made  with  a  plastic  aggregate  (expanded  polystyrene  beads)  (15).  All  of  these  concretes  are 
relatively  inexpensive  when  compored  to  the  cost  of  the  foamed  plastics  and  honeycombs  and  can  be  fabricated  and  placed 
in  most  environments  using  conventional  construction  equipment. 


Fig.  13  Typicol  Streis-Stroin  Curves  for  Paper  Honeycombs 
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Other  Moterials 

Aj  evidenced  by  the  introduction  of  a  plastic  aggregate  into  a  portlond-cement  matrix  shown  in  Figure  16,  it 
becomes  obvious  that  many  different  types  of  materials  systems  possessing  an  elasto-plastic  stress-strain  relationship  con  be 
developed  simply  by  the  inclusion  of  air  or  o  collapsible  oggregote  into  o  suitoble  binder.  Various  types  of  ultra-lightweight 
concretes,  plastics  with  aggregate  inclusions,  and  such  foamed  binders  as  epoxy  (15),  asphalt,  gypsum,  sulphur  (6,21,37), 
and  various  chemicol  compounds  all  possess  possibilities  as  shock  dissipotors. 

SUMMARY 

The  behovior  of  a  buried  structure  subjected  to  blast  loading  nxist  be  evoluated  on  the  bosis  of  the  loads  reoching 
the  structure.  Research  has  shown  that  the  use  of  o  properly  designed  bockpocking  moterial  placed  around  the  structure 
dissipates  o  portion  of  the  shock  energy  present  in  the  free  field,  thereby  reducing  the  magnitude  of  the  forces  reoching  the 
structure.  The  response  of  the  bockpocldng  then  and  thot  of  the  structure  are  completely  interdependent  ond  the  design  of 
one  canrsot  be  considered  without  the  design  of  the  other. 

Unfcrtunately,  sufficient  data  hove  not  been  accumulated  to  dote  to  evaluate  quantitatively  the  combined  response. 
Both  laboratory  and  field  programs  hove  been  initioted  to  remedy  this  deficiency.  Analyticol  models  are  being  developed 
at  the  Illinois  Institute  of  Tochrsology  in  an  attempt  to  describe  the  response  of  bockfilled  structures  in  soil.  Other  work 
is  also  being  conducted  to  measure  the  response  of  bockpocked  models  subjected  to  blast  loading. 


■  —  . . .  -  -  . .  -  ■  ■ 
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Fig.  14  Typicol  Stress-Strain  Curves  for  Metallic  ttoneycombs 
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Eoch  of  types  and  systems  of  materials  reviewed  undoubtedly  has  many  unique  problems  associated  with  its 
use  os  backpacking.  However,  the  implementing  of  odequote  research  and  development  of  the  materials  in  question  would 
probably  solve  the  majority  of  these  problems.  An  excellent  example  of  this  is  the  study  currently  being  conducted  at  th" 
Southwest  Research  Institute  (o,24,37)  on  the  feasibility  of  foaming  bulk  sulphur  for  use  as  a  shock-isolation  material  around 
buried  structures.  A  relatively  low-cost  foomed  sulphur  possessing  an  elasto-plostic  stress-strain  curve,  (Figure  16),  plus 
some  other  desirable  features,  has  been  developed  and  the  feosibility  of  its  large  scale  application  is  being  studied. 

This  type  of  laboratory  research  coordinated  with  such  field  programs  as  operation  NOUGAT,  Shot  HARDHAT  (23), 
operation  HARDTACK  (34),  and  other  related  programs  will,  together  with  the  developr-ent  of  suitoble  shock-isolation 
backpacking  materials,  probably  result  in  less  vulnerable  buried  structures  at  reduced  costs. 
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EFFECTS  OF  GAUGE  DENSITY  AND  PLACEMENT  ON  MEASUREMENT 
OF  ACCELERATION  IN  SOIL 

by 

E.  T,  S«lsg*  and  k.  W.  Rusln** 


ABSTRACT 

A  study  has  been  mode  of  the  various  factors  which  affect  the  behovio*  of  occelerometen  in  soil.  Previous  field 
and  laboratory  experience  has  been  reviewed.  This  is  sjpplemented  by  an  experimental  investigation  of  embedded 
accelerometers  to  determine  the  importance  of  gauge  density  and  placement  procedures  on  gouge  response. 

The  most  important  factors  influencing  motion  measurement  otspeor  to  be  I)  gouge  density  in  relation  to  the  soil, 
arsd  2)  placement  conditions.  Reproducibility  of  peak  occeleration  measurements  was  within  ±  15  percent  on  the  overage. 
For  a  variation  in  accelerometer  density  of  45  perceni,  a  12  percent  difference  in  peek  occelei'jtioos  was  observed  fnr 
pendulum  tests  in  sand  and  a  37  percent  difference  for  shock  tube  tests  in  clay.  Changing  the  stotic  -ompoction  pressure, 
for  placement  of  gouges  in  clay  specimens  from  12  psi  to  42  psi  resulted  in  o  decreose  of  22  percent  in  the  peak  accelera¬ 
tions  recorded. 


INTRODUCTION 

While  the  physical  concept  of  acceleration  measurement  in  o  soil  moss  is  well  known,  a  number  of  experimental 
difficulties  ore  encountered  in  measuring  it  correctly.  The  factors  influencing  gouge  performance  ore  gerterally  related  to 
I)  gauge  design,  2)  gauge  placement,  aixi  3)  instrumentation .  The  purpose  of  this  paper  is  to  discuss  these  various  foctort 
and  the  extent  of  their  importorKe. 

To  supplement  information  available  in  the  literature,  a  number  of  laboratory  experiments  were  planned  using 
small  piezoelectric  accelerometers  embedded  in  specimens  of  sand  ond  clay.  The  specimem  wore  subjected  to  impact  and 
air  shock  loading.  The  specific  emphasis  of  these  tests  was  to  determine  the  influence  of  gouge  density  ond  placement 
effects  on  the  response  of  embedded  soil  accelerometers. 

PREVIOUS  EXPERIENCE 

Until  recently  very  few  controlled  experiments  have  been  conducted  to  study  the  response  of  embedded  gouges 
for  measuring  soil  motion,  i.t.,  acceleration,  velocity  and  displocement.  Thus,  information  obout  the  foctors  effecting 
behavior  of  these  gouges  is  largely  quaiirotive.  It  is  generally  believed  that  matching  the  density  of  the  gouge  ond  the 
grout  to  that  of  the  In  situ  soil  is  important  if  the  gauge  is  to  reliably  follow  the  soil  motion.  It  is  olio  considered 
important  to  make  the  seismic  impedonce  (density  times  wove  velocity)  motch  thot  of  the  in  situ  soil  unless  the  dimensions 
of  the  grouted  region  are  smoll  compered  to  the  wove  lerigth  of  the  pulse.  However,  piocement  corsditioni,  including 
stiffness  of  the  diitrubed  region,  must  also  be  important,  «,g.,  a  soft  region  around  the  gouge  mo>  permit  the  inertia  of 
the  gouge  to  couse  o  lag  in  resporee . 

St  is  possible  to  obtoin  much  information  on  the  effects  of  gouge  placement  from  available  reports.  In  the  earlier 
studies  the  sIgnificorKe  of  piocement  and  other  foctors  affecting  gouge  response  wot  not  fully  recognized  and  therefore 
little  attention  was  given  them.  In  the  mojority  of  field  test  programs  there  wos  little  opportunity  to  study  the  foctors 
influencing  placement.  The  time  schedule  did  not  utuail,  per  mit  a  thorough  gouge  evoiuotion  prior  to  the  test  and  the 
limitation  on  the  number  of  channels  of  instrumentation  ge^veratly  precluded  ouplicote  measurements  under  different 
piocement  conditions,  in  many  instances  when  It  seemeo  lik«h  tf>ot  placement  significantly  Influenced  the  gouge 
feiponie,  K'fficicnt  detoil  describing  tbe  gouges  cvkI  th«  placement  methods  not  not  ovoilobie  to  permit  more  thon  o 
guolitotive  evoiuotion.  During  the  lost  few  ;eors  the  piocement  problem  hos  been  recognized,  partly  os  o  result  of  many 
unsotisfoctory  data,  and  o  numbtr  of  loborotoT;  studies  Hove  been  initioted  to  obtoin  more  specific  informofion. 

Various  methods  of  placement  gouges  hove  been  attempted.  They  generally  foil  into  two  cotegoties:  I)  recom- 
pocting  soil  around  the  gouge,  and  2)  grouting.  The  observed  test  results  do  not  show  cither  method  to  be  clearly  better 
than  the  other,  although  the  uncertainty  of  the  results  permiti  only  an  opproximote  comparison.  The  choice  between 
grouting  ond  recompocting  is  usuolly  mode  for  other  reosons.  For  example,  grouting  is  obout  the  only  reasonable 
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placemenf  meHiocI  when  the  gauges  are  located  fat  beneath  the  soil  surface  in  a  bore  hole.  In  addition,  there  is  usually 
less  uncertainty  .'egarding  the  method  of  plocement  when  grouting  is  used  since  descriptions  of  tamping  procedures  are 
ofien  misleading  ond,  in  foct,  there  is  sometimes  doubt  that  the  prescribed  procedures  ore  really  followed  by  field  crews, 

Densib/  discontinuities  between  the  gauge,  the  distuibed  soil  or  gasut  immediately  surrounding  the  gouge,  and 
*h».  ir  situ  soil  hove  generally  been  considered  an  importont  foctor  influencing  gouge  performonce.  Therefore,  test 
procedures  frequently  prescribe  that  the  in  situ  density  be  duplicoted  if  possible  by  the  grout  or  the  recompocted  vail. 
Attempts  have  even  been  mode  to  match  rf>e  dynamic  '’wlulus  of  the  grout  to  that  of  the  surrom.ding  soil.  Although 
grouting  is  usuolly  considered  eosier  to  perform  ihnn  soil  ompot  tion,  some  difficulty  results  from  oir  entrapment  in  the 
grout  thereby  causing  cavities,  and  also  from  inco»ipiete  frying  of  the  grc'/t. 

Grout  motion  measurer  ents  in  connection  with  nuclear  field  tests  began  as  early  as  Operotion  Greenhouse  ond 
have  been  involved  in  near  every  major  test  series  since  then  (1).  A  lorgc  percentoge  of  the  dota  has  not  oeen  useoble, 
however,  becausn  of  data  scatter,  or  instrumentation  difficulties.  Initially  most  of  the  gauges  used  were  occelerometers 
because  available  velocity  gauges  hud  poor  fre-nuency  response  or  were  too  compIcA  and  expensive.  Velocity  ond  dis- 
plocement  information  was  obtained  from  the  acceleration  records  by  direct  integration.  Often  corr-elotion  of  the 
integrated  values  with  JirectI,  measured  velocity  and  displocement  has  been  poor.  Elaborate  base  line  corrections  have 
sometimes  been  Introduceu  info  the  integration  to  '  nprove  t^lh,  but,  in  general,  it  has  been  found  thot  integration,  at 
least  when  done  numerically  from  tite  printed  records,  is  not  satisfactory  for  obtaining  velocity  and  displocement.  This 
is,  in  port,  because  the  typical  occeleration  pulse  composed  of  a  ioige^amplitjde  short-duration  pulse  followed  by 
small  amplitude  oscillations  which  arc  aifficuit  to  resolve  ucc.-ratcly,  but  which  con  hove  o  large  effect  on  peak  velocity 
or  displacement. 

In  recent  yean  the  interest  in  grouiid  motion  measurements  for  field  tests  hos  shifted  from  occelerotion  to  velocity. 
Tht  reasons  for  this  cha.'.ge  in  emphasis  appear  to  be  ♦he  following:  1)  velocity  is  associated  with  energy  level  and  is 
useful  in  correlating  with  phenomena  such  os  structural  damoge,  2)  velocity  scales  well,  and  3)  velocity  changes  less 
.ibruptiy  than  acceleration,  hence  meosurements  should  be  less  affected  by  Dlocement  conditions  and  density  mismatch. 
^'Ome  investigators  believe  that  maximum  confidetice  can  be  placed  in  peak  displocement  measurements.  The  reason  given 
is  that  displacements  chorrge  leu  rapidly  than  accelerations  ond  hence  the  peak  values  are  leu  affected  by  the  time 
variation  of  particle  motion  preceedirig  the  peak  displocement.  For  example,  the  gouge  nay  log  the  soil  motion  initially, 
but  eventually  catch  up  and  perhaps  even  lead  the  soil  motion.  It  is  likely  that  in  this  cose  the  peak  displocement  will 
be  much  less  in  eiror  than  the  p^ok  occelerntior  .  hich  occurs  when  the  motion  is  first  induced. 

Motion  gauges  have  been  constructed  prfncipolly  from  variable  reiuctonce  (or  linear  differential  troruformeo), 
piezoelectric  and  electro<TKignetic  traruducers.  The  vorioble  fKiuctance  type  hos  been  tfie  most  frequently  used  in  nucleor 
field  tests  bee  use  the  piezoelectric  trorrsduesrs,  while  having  a  higrier  limir  on  frety  ency  response,  are  more 
significantly  affected  by  the  electromagnetic  rodiotion  from  the  blast  ond  ore  loss  suitoble  with  long  cobles.  A  number 
of  self-recording  gauges  hove  olso  been  used  to  eliminate  the  need  for  Instrumenfotion  cobles.  Tfte  results  from  ti^ese 
gouges  have  not  appeared  to  be  as  satiifoctery  in  generoi  os  fne  other  types  ond  the  self-recording  gouges  ore  usuolly 
larger  and  .mom  complex.  A  description  of  matt  of  the  gauges  which  hove  been  used  for  motion  meoturement  has  been 
prepored  (1). 

The  accelerometer  motf  frequently  used  in  the  post  nuclear  tests  wot  rhe  Wtantko  varioble-reluctance  type.  The 
Wiancko  accelerometers  were  mo'xsted  in  connisters  before  being  embedded  in  the  soi'  ond  oriented  to  the  direction  in 
which  the  occelerotion  woi  to  be  meotuied.  In  Operation  rostlc  field  lest  progrom  three  of  these  occelerometers  were 
ploced  in  a  ctfsnitter  to  meofc/re  the  three  perpendicular  components  of  occelercticn;  however,  only  two  stations  gove 
defiendable  data,  A  higher  frequency,  higher  so*%siHvlty  occeierometer  wos  'developea  by  NOL  and  Schoevltx  for  us*  in 
Pc'itei'-Jaisgle,  Os  Horo:ock-H  o  Nerthom  vari.sole  reluctance  occeierometer  wos  used  for  *  igh  G  meosuremenH  but  this 
gouge  was  difficult  to  mount  ond  hod  weak  terminols  that  could  be  broker  ec«ily. 

Since  the  gauges  uei'sg  the  variable  reluctorKe  principle  are  capable  of  reosuremenis  only  up  to  frequencies  o* 
a  few  hundred  cycl«  per  second,  piezoelectric  ovcelerometers  were  olio  used  in  Project  Cowaoy  to  extend  the  range  of 
occelerotion  meoeuremeots.  The  corniiteo  carrying  the  gouges  were  ploced  with  o  groszt  motching  the  properties  of  the 
in  situ  motefiol. 

An  ERA  self-recording  occeierometer  *ai  used  in  Operation  lurr^ler ,  During  operation,  o  three-cKonnel 
magnetic  tope  was  driven  past  a  seismic  element  with  o  smoli  permanent  magnet  otToched.  One  chonisel  recorded  timing 
marks  and  the  other  two  the  orthogortol  components  of  occelerotion.  Although  diffiruitlcs  i  evolved  in  ex^emoi  recording 
required  with  the  Wioncko  were  eliminated,  the  ERA  occeierometer  did  not  oppeor  to  hove  the  occurocy  or  reliability  of 
the  Wioncko.  The  ERA  gouge  olio  needed  extensive  colibrotion  and  odjuitment  prior  to  instoi Intion , 

The  flnt  attempt  to  meoeure  tli#  velocity  of  soil  directly  wos  appcvently  mrxie  on  Hordtock-li.  A  gouge  was 
developed  by  SRI  for  this  puipoee,  bawd  an  the  principle  of  o  mau  wf>oee  iesiitonc«  to  motion  is  loigely  due  to  viscous 
damping  (sometirrei  consiocmd  on  overdompeu  occeierometer).  Due  to  its  construction  only  verticol  velocities  could  be 
obtained.  A  modlHed  version  was  designed  after  ftordtack-li  to  measure  horizontoi  velocities.  The  basic  element  of  this 
gouge  was  u  miniature  highly  domped  pendulum.  After  several  triol  opplicolions  rocjonobic  performance  »as  obtained 
with  the  gouges. 
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EffcMts  have  also  been  devofed  to  the  developrnent  of  gaijges  for  measiring  transient  displocement  directl,  . 

Sandia,  BRL  and  SRI  have  been  the  principal  participonh.  Although  little  informaticvi  on  the  effects  of  plocemenf  is 
reported,  it  is  generally  believed  the*  large  displocements  ore  the  easiest  of  the  ground  motions  to  meosore  from  o  place¬ 
ment  poinr  of  view . 

Other  'oboratory  investigations  of  embedded  accelerometer  oehovior  hove  been  carried  out  ot  Stonford  Researci) 
Institute  (2).  The  purpose  of  this  study  was  to  determine,  if  possible,  the  dircreponcy  between  recorded  occeleration  and 
true  soil  occeleration  and  to  find  the  optimum  occelerometer  configuration  foi  determining  soil  metion.  Miniature  Enedvee 
piezoelectric  accelerometers  were  encased  in  n  variety  of  metal  and  pit  \iglcss  caps  to  provide  a  range  of  thickness-dia¬ 
meter  ratios  and  densities.  The  thicieiess-diameter  ratios  were  either  0.16  or  0.32  and  the  gat  ge  densihy  varied  from  1 .0 
to  2.4  times  thor  of  the  soil.  The  gauges  were  embedded  in  dry  sand  ond  subjected  to  a  pressure  pulse  with  about  one 
millisecond  rise. 

Details  of  placement  were  found  to  hove  the  greatest  affect  on  peak  occelerotion .  Considerable  variation  in 
peak  occeicrntion  wos  observed  for  supposedly  Identical  tests  with  placemen  vipeated,  however,  there  was  mijch  less 
variation  for  repeated  looding  with  the  same  placement.  The  peak  velocities  obtained  by  integroting  these  occelerafior 
records  were  much  more  reproducible  than  accelerations.  Within  the  reproducibility  of  the  results  no  trends  with  respect 
to  gauge  density  or  ospect  ratio  were  observed. 

LABORATORY  EXPERIMENTS 

A  nundser  of  the  factors  influencing  the  performance  of  embedded  gauges  hove  been  discussed.  It  is  evident  that, 
on  the  whole,  ovuiluble  ir. format! on  l<  Insufficient  tor  an  evaluation  of  the  significonce  of  these  factors.  A  series  of 
loboratory  eisperiments  were  conducted  to  obtain  more  information.  Attention  wos  concentrated  on  two  aspects,  the  effect 
of  1)  voriotion  of  gac^e  density  with  rcspec!  to  soil  density,  and  2)  plocemer.t  conditions.  Including  soil  compoction  and 
grouting.  The  two  soil  samples  used  were  a  uniform  dry  Ottowa  sand  (90  percent  between  20  and  40  mesh)  and  a  compacted 
plostic  clay  (liquid  limit  -  63,  plosficity  index  31,  principal  cloy  mineroi  "  koolinite). 

Basically,  two  types  of  experimental  focilities  were  involved.  Fne  first,  pendulum  impact  opparotus,  utilized 
hydrostatically  confined  Cylinders  of  sand  having  properties  which  could  be  accurately  controlled  ond  reproduced.  This 
apporotus  was  used  to  evaluate  1)  guage  reproducibility  ,  2)  the  effects  of  gauge  density,  and  3)  controlled  voriation  in 
soil  properties.  The  second  facility,  a  rigid  chamber  filled  with  clay  and  looded  by  an  oir  shoex  tube,  permitted  on 
evoluofion  of  1)  gouge  response  under  shock  loodlr>g,  2)  the  effects  of  plocemenf  co.'idifions,  ond  3)  gouge  density . 

Pendulum  Apparatus 

the  pendulum  apporotus  (Figure  1)  1$  a  simple 
device  for  applying  controlled  impocr  loods  to  smiail 
Cylinders  of  sond  confined  by  meons  of  on  internal  vocuum. 

The  two  pendulums  ore  steel  cylinders  of  opproximof«ly 
equal  size  and  weight.  An  occelerometer  is  attached  to 
eoch  pendulum  to  measure  motion  during  .  mpocf.  The  sond 
specimen  is  encosed  in  o  rubber  membrone  and  attoched  to 
the  .eoction  pendulum  by  meons  of  the  confining  vocuum. 

The  second  pendulum  is  used  to  impact  tf»  specimen.  The 
specimen  densif>,  confinifsg  presh^rc,  ond  impoct  velocity 
may  be  varied  to  give  o  ror>gt  of  test  cot>d!fions. 

The  sond  specimen  was  preporeo  on  rhe  reoction 
pendulum  using  a  mold  split  longitudinall,  ir-  j  through  the 
cross  section  at  which  the  embedde«f  accelerometer  «as  to 
be  located.  F-e  mold  was  first  filled  to  fbis  crou  seefi  v 
by  pouring  the  sand  from  o  preKribed  height.  The  j-i 
was  set  in  ploce  ori  the  leveled  Sfs'xJ  surface  am:  tt-.c 
remoinder  of  the  specimen  was  formed.  A  dtoir.n-  of  fno 

specimen  with  t»>e  gauge  In  position  is  sfxsw  ■  i-i  fi  ;  .rp  ..  (‘  r  vcecu  i  m,  in  length  at*d  about  3  in.  in  diamefer. 

One  end  of  the  embedded  accelerometer  ..os  t  "I  'c ide  '*  wic  »■  c  .  u  der  en  ss  section  of  the  specimen.  Since  the  rubtser 
membrone  was  olso  S4>lif  ot  this  cross  jcrtinn,  t^e  dectr'u.)!  c o- ci t  rs  ’ro--  the  jamje  exited  from  the  specimen  ot  this 
point. 

Specimen  derssities  ranued  fro-  y>  yuf  to  iui  .k  s<f  (arsproxi-xirci.  i?  jercefif  jnd  33  percent  relotive  denslt, , 
respectively )  at  contini'-ig  pressures  of  v  and  12.1’  psi.  T*  c  sKveteronvefer  iiens«ties  were  114  and  177  pcf,  about  14  anj 
77  percent  higher  than  the  wo. 
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Shock  Tube  Apparatus 

liie  shock  tube  apparatus  (Figures  3,  5)  provided 
a  method  of  studying  air  shock  induced  accelerations  under 
conditions  more  nearly  simulating  those  in  the  field,  A 
completely  confined  specimen  of  clay  was  used  and  Ihe 
accelerometer  compacted  or  grouted  into  a  hole  bored  in 
the  soil.  The  clay  was  contained  in  a  glass-sided  box  24 
'n.  deep,  24  in,  long,  and  4  in,  wide.  To  facilitate  a 
con-yiurison  of  results  the  same  soecimen  was  used  for  oil  of 
the  tests  and  subjected  to  an  identical  loading  for  a  vori- 
ety  of  gauge  densit)'  and  placement  conditions, 

Shixk  pressures  of  up  to  6.5  psi  were  provided  by 
using  the  bursting  diaphragm  method.  Rise  time  of  ihe  oir 
shock  was  essentially  zero,  duration  of  the  peak  pressure 
aLout  5  msec  and  total  pulse  duration  about  15  msec. 

Compaction  ot  the  clay  was  carried  out  in  the 
verticc.1  plant-,  i.e.,  parallel  to  the  4  in.  direction,  using 
five  layers  and  a  compactive  effort  of  5  ft-lb  per  blow. 

The  number  of  blows  per  layer  was  sufficient  tc  cover  the 
area  twice.  The  initial  moisture  content  of  the  cloy  was 


Fig.  3  Apporatus  for  Shock  Tube  Experimenh 


32  percent  and  the  averoge  soil  density  115  pcf.  The  occelerometer  densities  were  thus  about  equol  to  and  54  percent 
higher  than  the  soil.  This  was  maintained  throughout  the  tests  by  covering  oil  exposed  soil  surfaces  with  plastic  wrap. 

An  unconfined  compressive  strength  of  2-1/4  tons  per  sq  ft  was  measured  with  a  pocket  penetrometer. 

With  the  glass  Side  removed,  the  hole  for  the  gouge  was  mode  in  the  center  of  the  specimen  (parallel  to  the 
4-in,  direction)  using  a  2-in.  diameter  thin-woH  tube.  The  hole  extended  from  the  front  surface  to  the  back,  i.e.,  the 
entire  4  in.  The  material  removed  was  broken  into  finer  pieces  for  eoso  in  replacing  around  the  gauge. 

Three  methods  of  placement  were  used: 


1 .  Soil  was  compacted  around  gn.jge  with  o  compaction  pressure  of  42  psi. 

2.  Soil  was  compacted  oround  gouge  with  a  compaction  pressure  of  12  psi. 

3.  Gauge  was  grouted  in  place  with  a  p!aster-of-pori$  compound  (CaSO^). 

The  bore  hole  was  filled  approximately  half  way  with  the  cloy  using  the  desired  compaction  effort  or  using  grout. 
The  gouge  was  positioned,  and  soil  carefully  compacted  around  it  with  the  same  effort.  Then  the  remainder  of  the  hole 


was  filled  and  fhe  front  glass  put  into  place.  The  bore  hole  with  gauge  and  compacting  device  is  sFiOwn  in  Figure  4,  The 
compaction  device  was  a  pocket  pei\etrometei  with  on  extension  which  has  a  diameter  of  0.875  in.  When  cotr^socting  in 
the  narrow  space  around  the  gauge,  the  extension  was  removed  and  a  correspondingly  lower  scale  deflection  was  used  to 
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odjust  for  oreo  differences.  With  the  minimum  compoctive 
effort  it  wos  necessary  to  breok  up  the  soil  into  fine 
porticles.  This  was  occomplished  by  using  a  number  10 
mesh  sieve  and  grating  the  soil  through  it.  As  an  indepen¬ 
dent  check  on  the  soil  and  iooding  conditions  and  for 
standardization  purposes,  another  occelerometer,  also 
shown  in  Figure  4  was  placed  in  the  lower  left  hand  comer 
of  the  box  (see  Figure  5).  However,  because  problefrs 
with  moisture  and  pressure  sensitivity  did  not  perform 
sotisfoctorily  end  wos  eliminated  after  the  first  series  of 
experiments. 


Accelerometer 

T^e  selection  of  accelerometer  for  the  experi- 
menta;  study  was  dictated  primarily  by  size,  but  also  by 
method  of  cable  attochment  and  frequency  response  ronge. 

To  provide  for  a  voriotion  in  density  and  configuration  it 
was  decided  to  enclose  o  small  piezoelectric  accelerometer 
within  a  machined  case  with  a  maximum  dimension  of  I  In. 
because  of  this  size  limitotion,  which  Is  imposed  by  the 
pendulum  specimen,  a  "subminiature"  commercial  model  was  selected*.  Its  noturol  frequency  (105  kc)  wos  ample  for  high 
frequency  response;  the  low  frequency  response  was  provided  by  using  a  Kistler  Charge  Amplifier**  in  the  circuit  berween 
the  accelerometer  and  the  recording  oscilloscope.  The  electrical  cable  was  ottached  at  the  side  of  the  gauge  thus  per¬ 
mitting  it  to  be  pioced  in  the  soil  in  the  plane  of  the  motion  to  minimize  coble  restraint  on  acceloron-ieter  response.  The 
shape  of  the  occelerometer  permitted  o  cose  design  with  a  J/D  ratio  of  one  or  less. 

The  occelerometer  case  constructed  for  the  study  is  s'town  in  Figure  6.  Considerable  experimenting  with  the 
design  was  required  to  eliminate  the  effects  of  coble  forces,  cose  pressures  and  moisture  from  the  cccelerotion  signol , 

Each  case  was  mode  up  of  a  base,  thin  cylindrical  wall  and  cap  held  together  with  r^ree  screws,  Tiie  accelerometer 
transducer  was  mounted  off  center  on  the  base  to  permit  clomping  of  the  cable  'vithin  the  case.  Two  coses  were  constructed. 


Fig.  4  Preparation  for  Placement  of  Gouges  in  Clay 


*  (^olumbio  Research  Laboratories  607-1 , 

**Ki$tler  Instrument  Corporation,  N.  Tonowonda,  New  York,  Model  566, 
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Fig.  6  Accelercmeter  Design 

one  all  from  oluininum  end  the  other  with  on  aluminum  base,  but  a  steel  wall  and  cap.  The  average  densities  of  the 
ossembly  were  1 14  pcf  ond  177  pcf  respectively.  When  used  in  clays  the  case  was  coated  with  a  liquid  latex  compound. 
This  eliminated  the  moisture  problem  if  the  gouge  was  not  permitted  to  stay  in  the  clay  for  more  than  obout  12  hours. 

RESULTS  OF  PENDULUM  EXPERIMENTS 

Typical  pendulum  and  embedded  occelerometer  records  are  shown  in  Figures  7  and  8.  Basicolly  the  embedded 
gauge  record  has  three  characteristic  features:  a  sharply  pecked,  short  duration  acceleration,  followed  by  o  longer 
duration  deceleration  ond  a  final  domped  oscillation.  The  latter  represents  the  vibration  of  the  specimen  at  the  comple¬ 
tion  of  impact.  At  the  lower  confining  pressures  the  peek  impact  pendulum  deceleration  is  substantiolly  reduced  because 
of  the  lower  specimen  stiffness.  This  results  in  leduced  intensity  of  impact  so  thot  the  positive  ard  negative  portions  of 
the  embedded  accelerometer  record  are  lower  in  magnitude  and  longer  in  duration  thon  at  the  higher  confining  pressures. 

Three  tests  (Series  A)  were  performed  with  tfie  aluminum  accelerometer  to  investigate  reproducibility  and  the 
specimens  were  subjected  to  essentially  Identical  impact  sequences.  The  acceleration  results  for  Series  A  ore  shown  in 
Figure  9,  Hie  peak  positive  occelerotion  is  plotted  os  o  ratio  of  the  moximum  impact  pendulum  deceleration.  This 
acceleration  rotio  was  used  rather  than  soil  occelerotion  alone  in  on  attempt  to  compensate  In  port  for  minor  variations 
in  density  ond  impact  sequence  from  specimen  to  specimen.  Either  the  maximum  impact  pendulum  deceleration  or  maxi¬ 
mum  reaction  pendulum  acceleration  couid  have  been  used  since  they  are  both  about  equal.  For  each  of  the  four 
specimens,  the  dnto  are  divided  into  groups  representing  the  various  confining  pressures  ond  impact  velocities. 

The  range  cf  values  for  each  group  in  Figure  9  may  be  taken  os  an  approximate  indication  of  reproducibility  of 
the  test.  The  maximum  deviation  of  values  from  the  overage  for  each  group  ranged  from  4  to  56  percent.  The  largest 
variation  occurred  for  (he  12.5  psi,  0.76  fps  group  which  represents  the  first  few  impacts.  There  was  usually  a  substantiol 
increose  in  peak  soil  accelerorion  between  the  first  and  second  impacts  (the  first  impact  is  not  shown  for  all  tests).  This 
may  be  due  to  alignment  of  specimen,  or  placement,  but  is  thought  to  be  primarily  due  to  the  fact  that  the  specimen 
stiffness  changed  most  between  the  first  ond  second  impacts.  The  maximum  deviation  was  20  percent  without  the  first 
group.  The  overoge  deviation  wos  15  percent  including  the  first  group  ond  10  percent  without  this  group. 

Ihe  presentation  of  data  in  terms  of  acceleration  rotio  obviously  does  not  correct  for  the  effects  of  impact 
velocity  and  confining  pressure.  As  the  impact  velocity  increosed,  the  ratio  increosed,  hence  the  soil  acceleration 
increased  with  respect  to  the  impact  pendulum  deceleration.  This  might  be  expected  because  the  higher  the  impact 
velocity  the  faster  the  soil  must  accelerate  from  at  rr.st  up  to  the  speed  of  the  impacting  pendulum,  all  other  factors 
eqijol .  The  higher  ratios  at  the  lower  confining  pressures  for  the  same  impact  velocity  might  be  unexpected  since  the 
specimen  was  less  stiff.  However,  both  the  soil  acceleration  and  impact  deceleration  decreosed  at  the  lower  confining 
pressure,  hut  the  latter  decreased  more  thus  increosing  the  ratio.  These  effects  on  the  ratio  are  merely  a  consequence 
of  data  presentation  and  have  no  effect  on  conclusions  since  the  various  groups  arc  not  being  compored. 
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A  second  series  of  tests  iSeries  B)  vos  conducted  to  determine  the  effec'  of  density  mismatch  on  occelerometer 
response.  Typical  acceleration  records  are  shown  in  Figure  10.  The  records  are  of  the  some  general  shape  as  for  Series  A. 
There  was  no  discemable  difference  in  the  shapes  between  the  steel  ond  aluminum  accelerometer  records. 

The  results  of  Series  B  are  presented  in  Figure  11  in  terms  of  both  positive  and  negative  peak  occeleraticn  ratios. 
Tfie  negative  ratios,  i.e.,  ratio  of  first  negative  peak  of  soil  gauge  acceleration  to  peat-,  impact  pendulum  deceleration 
were  small  and  difficult  to  measure  accurately  so  they  were  not  examined  in  detail.  There  is  a  more  or  less  random 
variotion  of  these  volues  with  overlap  from  group  to  group.  The  positive  ratios  fall  into  groups  with  respect  to  confining 
pressure  and  impact  velocity  as  before. 

Test  reproducibility  was  again  evaluated  by  computing  the  deviation  of  values  within  each  group  for  each 
occelerome  er.  For  the  aluminum  accelerometer  the  deviation  values  ranged  from  5  to  50  percent  ond  overoged  17  percent. 
For  the  steel  accelerometer  the  values  ranged  from  I  to  45  percent  and  veroged  lO  percent.  The  difference  between  these 
tv/o  sets  of  results  is  probably  not  a  function  of  accelerometer  type.  As  (or  Series  A,  the  greatest  deviation  was  ossocioted 
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Fig.  7  Typical  Pendulum  Accelerometer  Records  (Confining 
Pressure  =  1 2.5  psi,  Impoct  Velocity  =  0,7A  ft/ sec, 
Aluminum  Accelerometer) 
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with  the  first  impocts,  i.e.,  there  wos  olways  a  significant  difference  between  the  first  and  second  impacts  for  any 
specimen.  In  all  other  coses  successive  impacts  within  any  one  group  reproduced  reasonably  well. 

As  onother  measure  of  reproducibility,  individual  ratios  representing  essentially  identical  conditions  (confining 
pressure,  impact  velocity  ond  impoct  number)  were  compared  for  two  specimens  with  the  some  type  occelerometer.  This 
will  improve  reproducibility  figures  becouse  there  was  always  some  change  in  the  ratio  for  successive  impacts  on  one 
spec  imen  even  with  oil  other  conditions  held  constant.  On  this  bosis,  the  deviation  for  the  aluminum  accelerometer 
ranged  from  I  to  28  percent,  averaging  10  percent;  the  deviation  for  the  steel  accelerometer  ranged  from  1  to  34  percent 
and  averoged  6  percent. 

The  voriation  in  the  average  group  ratio  between  the  steel  ond  aluminum  occelerometer  rnay  be  token  os  on 
indication  of  th*5  effect  of  density  mismatch.  Figure  1 1  shows  o  consistently  lorger  ratio  for  the  steel  occelerometer  com¬ 
pared  to  the  aluminum  accelerometer.  The  percent  increose  in  average  group  values  ranged  from  5  to  25  percent  and 
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Fig.  8  Typical  Perniulum  Acceleration  Records  (Confinirtg 
Pressure  =  5  psi.  Impact  Velocity  -  0.76  ft/  sec, 
Alumirtum  Accelerometer) 


ds 

frt 

of 

Cfl 

sK 

lo 

re 

fn 

ca 

me 

vii 

go 

be 

ob 

tfv 

of 


162 


GROUND  MOTION  AND  INSTRUMENTATION 


averaged  12  percent.  Thus,  for  an  increase  in 

gauge  density  of  45  percent  it  appears  thot  i  *  *  III 

there  was  about  o  12  percent  increase  in  gauge 
response  for  the  same  input. 

Although  it  is  po«ible  that  »he  chonge  12  =«  dsi  Sp»- 

in  occelerometers  may  hove  chonged  the  speci-  lb  “  |  *  I 

men  response  or  even  the  input  conditions,  the 

difference  may  also  be  explained  in  terms  of  "  ’  O 

gauge  density.  Consider  the  embedded 

accelerometer  os  a  simple  single-degree-of-  14  -  X  -  0.  7e,  fps  0-- 

freedom  moss-spring  system  os  illustrated  in  £ 

Figure  12.  The  stiffness,W/jnd  dumping c, occur  -£  A  -  v  l  It  tps 

within  the  soil  specimen  and  are  in  port  a  result  “O  O 

of  the  gouge  interaction  with  the  soil.  The  ^  12  -  O  -  V  l.-'.Sfps 

occelerometer  moss  is  m,  the  motion  of  the  “ 

accelerometer  case  is  z(t),  and  the  equivalent  ^ 

motion  of  the  cross  sectiori  is  y(t).  Let  the  ^ 

initial  acceleration-time  history  ot  the  cross 

section  be  represented  by  a  holf-sine-wove  ^ 

pulse.  The  motion  of  the  accelerometer  will  "Z  X  O 

follow  that  of  the  cross  section  with  on  occuracy 

which  depen<^__upon  the  natural  frequency  of  c  ^  _  A  * 

the  system  (J  ty  m')  and  the  damping,c.  “ 

The  theoretical  accelerometer  response  ^ 
for  this  idealized  system  is  shown  in  Figure  13,  •  ^  X  ^ 

for  several  values  af  frequency  and  dampir)g(3).  t  AX 

If  the  values  of  k  and  c  ore  auumed  to  be  the  ^  ’ 

same  for  both  the  aluminum  arsd  steel  accelero-  X  ^ 

meters  then  the  natural  frequerKy  of  the  t  ® 

aluminum  system  would  be  greater  than  that  for  ^ 
the  steel  system  by  on  omount  equal  to  “ 


steel 


>  aluminum 

where  the  >  represents  the  occelerometer  2  “ 

densities.  For  this  study  the  ratio  of  rsoturol  ** 

frequencies  is  1.24,  i.e.,  the  natural  frequency 
of  the  aluminum  occelerometer  is  about  25  per¬ 
cent  greater  thon  that  of  the  steel.  Figure  13  |  ^  ^  ^  f  ^ 

shows  thoi'  for  low  damping  coefficients  the  2  t  12  1 

lower  notural  frequency  results  in  a  greater  peak  , 

recorded  acceleration  than  the  higher  natural 

frequency.  The  observed  results  in  Figure  II  Fig.  9  Acceleration  Results  for  Pendulum  Series  A 

con  thus  be  explained  in  terms  of  a  low-domped 

mou-spring  system.  Of  course,  this  explonotion  is  no  proof  because  at  higher  domping  the  reverse  is  true.  However,  free 
vibrations  of  the  specimen  ot  the  end  of  impoct  (Figure  10)  suggest  o  tow  degree  of  domping. 

An  onolysis  of  the  rise  time  of  the  enbedded  gouge  records  woi  mode  in  on  ottempt  to  further  verify  the  effect  of 
gouge  density.  No  significant  differences  were  noticed  with  this  method.  However,  this  does  not  pose  a  contradiction 
becouse  the  occurocies  of  the  rise  time  meosurements  were  not  sufficient  to  establish  any  correlotion. 

Integration  of  one  of  the  embedded  occelerometer  records  wos  performed  for  compceiion  with  the  velocity  curves 
obtained  by  integrating  the  pendulum  occelerations  (Figure  14).  The  final  velocity  of  the  reoction  pendulum  and  thot  of 
the  soil  ore  in  agreement.  At  earlier  times  the  gouge  velocity  was  intermediate  to  thot  of  the  persdulums,  i  .e.,  the  ends 
of  the  specimen. 


Tfst 


Fig.  9  Acceleration  Results  for  Pendulum  Series  A 
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23. 


-5. 


Soil  Accelerometer 
Impact  Pendulum 


S  millisecond 


Fig.  10  Accelerometer  Response  in  Series  B  (Confining 
Pressuie  12.5  psi.  Impact  Velocity  =  0.76  fps. 
Aluminum  Accelerometer) 


RESULTS  OF  SHOCK  TUBE  EXPERIMt-JTS 

Typical  toil  occelerometer  records  are  sfown  in  Figure  15.  The  distinguishing  features  are  two  or  three  major 
otcillations  of  roughly  700  to  900  cycles  per  second  with  higher  frequency  harmonics  superimposed.  These  major  oscilla¬ 
tions  apparently  represent  the  free  vibration  of  the  cloy  specimen  since  o  frequency  of  800  cycles  per  second  corresponds 
to  a  wove  velocity  of  3200  fps  for  the  2-ft  deep  specimen.  The  soil  occelerotion  is  of  course  complicated  by  the  presence 
of  mony  reflections  of  the  shock  pulse  from  the  rigid  boundaries  of  the  specimen. 

The  occelerotion  of  the  bottom  of  the  soil  container  was  measured  for  several  shock  pulses  to  ascertain  whether 
motion  of  the  container  hod  a  significant  influence  in  the  soil  occelerotions.  The  maximum  container  accelerations  were 
about  10  percent  of  the  maximum  soil  accelerations,  f  ence  it  was  concluded  that  the  embedded  gouge  records  could 
provide  o  meaningful  meosure  of  gouge  plocement  effects. 

Two  features  of  the  gouge  records,  the  average  rote  of  occelerotion  rise  up  to  the  fint  peak  ond  the  magnitude 
of  several  prominent  peaks,  were  used  for  analysis.  The  peaks  selected  were  the  fint  positive  one,  the  first  negative 
one  ond  the  greatest  negative  one  (usually  the  second  major  negative  peak).  The  occurocy  of  the  analysis  is  limited  in 
port  by  the  superimposed  high-frequency  oscillations.  Tliese  oscillations  may  increase  or  decreose  the  peak  values  of  the 
major  ok  illations  depending  upon  the  phase  relationship  between  the  two. 

To  illustrate  the  results,  the  relationship  between  the  three  soil  occelerotion  peaks  for  the  aluminum  occelerometer 
embedded  with  the  heavy  soil  compaction  is  shown  in  Figure  16.  After  one  series  of  measurements,  rhe  gauge  wos  removed 
and  embedded  in  the  some  manner.  This  provided  on  indication  of  reproducibility  of  placement.  The  variation  between 
the  results  for  the  two  sets  of  data  wos  no  greater  than  the  ronge  of  values  for  eoch  series  clone.  With  one  or  two  excep¬ 
tions  this  same  degree  of  consisterKy  was  indicated  by  the  other  test  series.  The  variation  of  the  positive  peeks  for  any 
one  set  of  conditions,  including  reproducibility  between  two  identical  series,  ranged  from  about  ^  5  to  *29  percent  ond 
averaged  >  15  percent.  The  greatest  variation  occurred  for  the  negotive  peaks  reaching  about  ^  SO  percent.  For  eoch 
test  series  there  was  a  consistent  increose  in  peok  acceleration  with  increase  in  peak  shock  pressure,  as  would  be  expected. 

Figure  17  indicates  the  influence  of  gouge  density  and  plocement  conditions  on  positive  peak  occelerotion.  The 
results  with  the  negative  peaks  were  similar.  Both  positive  and  negotive  peaks  were  consistently  greater  for  the  condition 
of  tight  compaction  compared  to  heavy  compaction.  This  relationship  held  for  both  the  aluminum  and  steel  occelerometer 
ond  for  all  applied  sliocx  preuures.  The  increoM  ronged  from  0  to  57  percent,  averaging  22  percent;  the  zero  difference 
occurred  for  the  lowest  air  shock  pressures.  This  increase  may  be  exptoined  on  the  basis  of  a  damped,  mou-spring  system 
os  deKribed  in  the  pendulum  studies  (Figure  12).  The  stiffneu,k,is  less  for  the  light  compoction  resulting  in  o  lower 
noturol  frequency  and  hence  the  possibility  of  an  overshoot  of  the  peak  occelerotions. 
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The  e'rect  of  the  grout  appears  to  be 
inconsistent.  For  the  aluminum  accelerometer,  the 
peak  accelerations  with  the  grout  were  equal  to  or 
less  than  the  values  for  both  maximum  and  minimum 
soil  compaction.  For  the  >teel  accelerometer  the 
reverse  was  true.  With  the  volume  of  grout  used  it 
was  expected  that  little,  if  any,  difference  between 
the  two  occelerometer  masses  would  be  observed. 

For  a  particular  set  of  conditions  the  peak 
positive  accelerations  were  less  for  the  aluminum 
occelerometer  than  for  the  steel  accelerometer, 
excluding  the  grout  tests.  The  reverse  was  true  for 
the  peak  negative  accelerations.  The  increase  in 
positive  peaks  averaged  28  percent.  The  increose 
followed  the  same  trend  indicated  in  the  pendulum 
tests  although  the  amount  wos  about  triple.  This 
difference  is  most  likely  because  of  the  higher  fre¬ 
quency  of  motion  produced  by  the  shock  loaauig. 

If  the  peaks  are  viewed  as  oscillations  about  some 
mean  acceleration  then  there  would  be  an  upward 
shift  of  this  mean  for  the  steel  accelerometer,  thus 
justifying  the  decrease  in  negative  peaks. 

As  a  further  aid  in  comparing  accelerometer 
performance,  the  average  rate  of  rise  of  acceleration 
up  to  the  first  positive  peak  was  measured.  Values 
for  4-psi  peak  shock  pressure  are  shown  in  Figure  18, 

The  steel  accelerometer  consistently  showed  a  faster 
rate  of  rise  than  the  aluminum,  although  the  difference 
was  small  for  the  maximum  compactive  effort.  On  the 
basis  of  the  mass-spring  onalogy,  the  reverse  would  be 
expected,  i.e.,  the  aluminum  accelerometer  should 
leod  the  steel  in  rate  of  rise. 

CONCLUSION 

The  most  important  factors  influencing  motion 
measurement  appear  to  be  I)  gauge  density  in  relation 
to  the  soil,  ond  2)  placement  conditions.  It  is 
expected  that  acceleration  measurements,  expecially 
peak  volues,  are  much  more  sensitive  to  these  factors 
than  velocity  or  displacement  measurements.  Ploce- 
ment  involves  either  grouting  or  soil  recompaction. 

For  many  applications,  for  exomple  in  a  deep  hole, 
grouting  moy  be  the  only  suitable  method.  It  may  also 
permit  better  reproducibility,  although  not  necessarily 
better  accuracy.  Because  grouting  gave  apparently 
inconsistent  results  in  this  study,  it  warronts  further 
exomination. 

Reproducibility  of  peak  acceleration  measurements  with  the  pendulum  opporotus  (accelerometer  embedded  in 
cylindrical  specimens  of  dry  sand)  was  >■.  ithin  +  15  percent  on  the  overage.  With  close  control  on  test  conditions  it  could 
be  kept  within  ±  10  percent.  Reproducibility  in  the  shock  tube  experiments  (gouge  embedded  in  >,v.'nfined  specimens  of 
compacted  cloy)  also  averaged  >  15  percent  for  ail  placement  conditions^ 

Two  accelerometer  densities  were  used,  one  about  7  percent  greater  than  that  of  the  soil  and  the  other  about 
65  percent  greater.  For  the  pendulum  tests  the  heavier  gauge  recorded  peok  accelerations  averaging  12  percent  greater 
then  those  for  the  lighter  gouge.  For  the  shock  tube  tests,  the  increase  was  about  37  percent.  The  difference  between 
these  two  sets  of  experiments  may  be  due  to  the  rote  of  loading.  For  placing  the  gauges  in  the  cloy  two  different  static 
compoction  preuurcs  were  used,  12  p?i  ond  42  psi.  The  latter  required  in  a  clay  density  about  the  same  os  that  of  the 
rest  of  the  specimen.  The  peok  accelerations  for  the  smaller  effort  averoged  22  percent  greater  than  those  for  the  higher 
effort . 
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Fig.  1 1  Acceleration  Results  for  Pendulum  Series  6 
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Acceleration  and  Response  Ratio 
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Time  Ratio 


Time  Ratio 


(a)  Accelerometer  Period  Equal  (b)  Accelerometer  Period  Equal 

to  1. 014  times  Duration  of  to  0.  338  bines  Duration  of 

Pulse  Pulse. 


Fig.  13  Response  of  Accelerometer  to  Holf-Sine-Wove  Pulse 
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Fig.  14  Velocity  Recordt  Obtained  by  Integration 
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2  inaec 


(a)  Light  Compaction 


Fig.  15  T^picol  Shock  Tube  Ac; 

Accaloro^etai ,  ^  o»i  i 
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P««k  Air  ShflKli  Pr*»»ur*,  f*»i 

Fig.  o»  Alo'^irto'^  A£c«(*ro>»ie»«c  to  S*>ock  Loodi-ig 

wfHK;  wif»-  Soil  Cornpocfion 

(r^  9«r->«rcit  tr-ti  ^1(ri;■rtHK<iv'iii^,  tvcceuiv#  id#nticQl  ioodir-fcji  y»»  tignif IcorJl^  i!*>pTOv»<i 

after  Tt'*  fint  impoct  for  ail  persi^ium  t^i  vo^  cawn  o  teverol  Kurrjrea  percer^f  increase  in  joijge  rwponte 

between:  the  first  an,i»  secorkt  irnpocfs  >»as  oteerved  For  a  f«lafivet>  snroll  cbonge  jn  input  conditions,  Secouse  Hce  first 
iooding  tt  uS<JoH>  of  pri.-ne  impoftarvce  in  fi«ics  apol  leaf  ions  it  ll  f»ec«»or,  to  corisicfer  tKe  significorKC  o*  fFii  observatior. 
T^is  pbeoo^'vjn  rjo.  tiikei;  Ic  CTused  bv  h  a  c>\r'v*  specinien  ttiffnett,  wKicH  cFof»Qe  is  greatest  between  tbe  first 
and  second  i»rspocts,  or  2)  a  cfKxsge  in  go^Ki*  coupii'sg  as  a  resoit  of  plocensenf  tecf'niqoei.  TKe  effect  was  present  even 
wltK  ver,  careful  control  on  place-nent  procedures.  If  tK*  speci-nen  cKonge  is  tKe  couse  fKen  tKe  first  and  socceedirsy 
occelorotion  meosure'nents  'no,  ot!  be  correct.  If  the  cause  is  placement  fKen  either  tKe  first  or  else  tK#  rerrioinino 
"•osuiementi  would  be  in  error.  TKe  arsfwer  is  not  now  vnowr,  Sh..f  tn»  effect  c^speors  to  be  significontiy  less  witt’ 
cohesive  soils  tKon  with  son^j. 

If  is  believed  fKof  tKe  iofaorotors  results  or*  o  meaningful  indication  of  expected  field  performonce.  TKe 
relafionsKip  between  pulse  freguencj  or.o  the  atc«terometer-so»i  system  frequenc.  lie  within  the  spectrum  existing  in  the 
field.  IKe  toteroi  co«vsfroints  on  the  soil  spe<i<meni  are  >'oi  the  some,  but  this  Has  basically  no  differerst  offect  on  results 
than  the  normal  voriotion  in  sc  it  pmperties. 
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Fig.  17  Summary  of  First  Positive  Peak  Accelerations  tor  Shock  Tube  Tests 
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Fig.  18  Average  Rate  of  Acceleration  Rise  for  Shock  Tube  Tests 
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Intuition  supplementeci  by  field  experience  ondl  the  limited  lohorotory  dote  available  most  still  form  the  basis  for 
judging  the  reliability  of  such  soil-motion  miecisurements.  Unfortunately  it  i^  not  generally  possible  tc  obtain  suitoble 
independent  checks.  On  the  basis  of  accumulofed  experience  it  Is  cfjite  evident  thot  gauge  plocement  procedures  have 
os  greot  an  influence  on  gouge  response  as  any  other  foctor.  Therefore,  further  studies  of  this  problem  ore  desired. 
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A  REVIEW  OF  STRESS  AND  STRAIN  MEASUREMENT  (N  SOIL 

by 

E.  T.  Selig* 


ABSTRACT 

A  review  is  rricide  of  the  reported  experience  of  rrwny  investigators  who  have  been  concerned  with  st-ess  and  strain 
measurement  in  soil.  The  objective  hos  been  to  delineate  the  important  factors  governing  gauge  response  and  to  discuss 
the  problems  involved  in  moking  the  measurements.  The  majority  of  the  paper  is  devoted  to  stress  measurement,  since  this 
subject  has  received  most  of  the  attention  in  the  past.  It  is  concluded  that  occuref?  meosurements  of  stress  ond  strain  in 
soil  are  difficult  to  make  because  1)  the  gauge  does  not  respond  like  the  soil  it  reploces  and,  2)  the  soil  is  disturbed  during 
installation  of  the  gouge.  However,  such  measurements  must  be  mode  if  a  clear  understanding  of  many  soil -structure 
interoction  problerns  is  to  be  obtained. 


INTRODUCTION 

In  most  of  the  experirrients  which  have  been  conducted  dealing  with  soil -structure  interaction,  the  observed 
measurements  hove  been  restricted  to  the  input  loading  and  the  structurol  response.  The  stress  ond  stroin  developed  in  the 
soil  Save  been  omitted  from  direct  consideration  becouse  of  the  problems  involved  in  meosuring  them.  However,  it  is  the 
lack  of  knowler^e  of  the  soil  behavior  around  the  structure  which  is  the  greatest  deterent  to  further  advances  in  under¬ 
standing  the  interaction  phenomena.  Techniques  for  measuring  stress  and  sfrain  are  thus  urgently  needed. 

The  purpose  of  this  paper  is  to  review  some  of  the  bosic  types  of  gouges  which  hove  been  used  for  stress  and  strain 
measurement  in  soil  ond  to  summarize  the  experiences  obtained  with  them.  It  is  hoped  that  this  discussion  will  help  to 
stimulate  further  study  of  the  problem  os  well  as  assist  experimentolists  in  making  such  measurements.  For  only  when  o 
much  better  knowledge  of  the  soil  behovior  is  achieved,  will  the  many  controdictory  opinions  of  the  phenomena  be 
resolved. 

’’’here  are  two  inherent  difficulties  with  the  use  of  gouges  in  soli:  1)  the  gouge  does  not  behave  like  the  soil  it 
reploces,  and  2)  the  installation  of  the  gauge  usuolly  requires  disturbance  of  the  soil  in  th'?  immediate  vicinity  so  that  this 
soil  does  not  behave  like  the  remainder  of  the  soil  moss.  The  first  is  especially  true  of  stress  gouges  which  to  be  perfect 
would  require  matching  of  stress-strain  properties  with  those  of  the  soil.  The  installation  problem  is  not  os  severe  in 
laboratory  studies  because  the  entire  soil  specimen  is  usually  remolded.  In  the  discuss  m  that  follows  the  important  factors 
which  influence  gauge  performance  will  be  described.  The  majority  of  the  paper  is  devoted  to  stress  measurement,  since 
this  subject  has  received  most  of  the  attention  in  the  post, 

GENERAL  CONSIDERATIONS  OF  STRESS  MEASUREMENTS 

For  at  least  50  years  gauges  have  been  used  for  meosuritig  the  stress  distribution  in  soils  and  pressures  produced  on 
the  surface  of  buried  structures.  The  Goldbeck  cell,  one  of  the  first  to  be  widely  used,  was  reported  in  the  literature  (1) 
in  1916.  The  cell  was  of  the  null-indicator  type  in  which  back-pressure  was  applied  to  a  piston  to  keep  it  from  depres¬ 
sing,  and  thereby  balance  soil  pressure  acting  on  il.  An  electrical  switch  was  used  to  indicate  piston  movement. 

However,  this  procedure  did  not  insure  proper  pressure  measurement  in  the  free  field  because  the  pressure  on  the  gauge 
does  not,  in  general,  equol  the  correct  soil  stress. 

The  following,  not  necessarily  arranged  in  order  of  importance,  ore  the  principal  factors  which  must  be  considered 
in  evaluating  stress  gauge  performance: 

1.  application,  i.e.,  free  field  or  against  structures, 

2.  overall  size  with  respect  to  soil  irregularities, 

3.  effectiveness  of  placement, 

4.  relative  stiffness, 

5.  geometry, 

6.  nature  of  sensing  element, 

7.  density,  and 

8.  frequency  response. 

*Senior  Reseorch  Engineer,  IIT  Research  Institute,  Chicogo,  Illinois. 
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For  both  free  field  and  srructure  appiicctions  the  diameter  of  the  sensing  element  must  be  considerobly  greater  than 
the  non-homogeneities  of  the  soil  locally  such  as  discrete  particles  or  voids.  A  distinction  must  be  mode  between  the  use 
of  the  gauge  for  r  easuring  stress  in  the  free  field  and  for  measuring  pressures  on  the  surface  of  buried  structures  because  the 
gauge  requirements  are  different  in  each  case.  The  measurement  of  pressures  on  the  wall  of  a  structure  is  easier  than  free 
field  measurements.  The  primory  requirement  in  this  case  is  that  the  gauge  must  deflect  os  the  structure  to  which  it  is 
attached.  For  instance  if  the  gauge  is  embedded  in  the  surface  of  a  wall  and  the  face  of  the  gauge  deflects  either  more  or 
less  than  the  material  oround  it,  then  the  pressure  reading  wit!  be  lower  or  higher  respectively  than  the  soil  pressure  applied 
to  the  wall.  Of  primary  conci-m  in  rhis  paper  is  the  application  of  the  gouge  to  free  field  measurements. 

The  stress  gauge  response  is  very  sensitive  to  placement  conditions.  This  is  perhaps  the  biggest  factor  influencing 
reproducibility  and  consistency  of  measurements.  If  the  gauge  is  not  in  proper  contoct  with  the  soil  or  if  the  soil  is  not 
properly  compacted  around  it  then  the  readings  can  be  significantly  affected.  For  exomple  a  soft  pocket  of  soil  in  contoct 
with  the  gauge  sensing  element  can  make  a  rigid  gauge  appear  to  be  less  stiff  thon  the  soil,  i.e.,  a  gauge  that  would 
normally  read  too  high  would  read  too  low. 

Because  the  stress-strain  characteristics  of  the  gauge  are  different  from  those  of  the  soil  it:  which  it  is  embedded, 
the  soil  immediately  adjacent  to  the  gauge  will  deform  to  a  different  extent  than  it  would  if  the  gouge  were  not  present. 
Whether  the  soil  strains  would  increase  or  decrease  depends  upon  whether  the  gouge  has  o  larger  or  smaller  stiffness  than 
the  soil.  This  effect  will  result  in  a  redistribution  of  stresses  around  the  gauge  to  produce  a  higher  pressure  on  the  gauge  if 
it  is  stiffer  than  the  soil  or  a  lower  pressure  if  it  is  less  stiff. 

The  magnitude  of  the  redistribution  of  stress  depends  a  great  deal  on  the  thickness-to-diameter  ratio  (T/D)  of  the 
gauge  as  well  as  relative  stiffness — the  greater  this  ratio,  the  greater  the  redistribution  of  stress.  Many  gauges  have  os 
their  sensing  element  a  flexible  diaphragm  supported  at  the  perimeter  by  a  rigid  case.  The  interaction  of  the  soil  with 
such  a  gauge  is  often  a  combination  of  the  effects  of  a  stiff  and  a  soft  gouge.  Because  the  gouge  case  is  stiff  the  stress 
arches  onto  the  gauge  causing  a  higher  than  free-fieid  value  at  the  edge.  But  because  the  diaphragm  deflection  increoses 
toward  the  center,  the  stress  arches  across  the  face  of  the  gauge  thus  relieving  the  stress  in  the  center,  pxssslbly  even  below 
the  free-field  vilue.  These  effects  are  illustrated  ir  Figure  1.  It  is  generally  accepted  that  the  T/D  ratio  should  be  as 
small  as  possible  to  minimize  the  mismatch.  However,  if  the  stress  conditions  are  such  that  the  soil  compresses  laterally 
and  extends  perpendicular  to  the  face  of  the  gauge,  then  the  large  dimension  in  the  lateral  direction  may  cause  error  in 
the  gauge  response. 

The  nature  of  the  sensing  element  can  influence  the  gauge  occuracy  in  many  woys.  For  example,  it  can  determine 
the  mode  of  deflection  and  stiffness  of  the  gauge.  It  can  also  be  sensitive  to  loteral  ond  sheer  stresses  os  well  os  the  norn*ji 
stress  for  which  it  is  intended.  And  finally,  it  can  influence  other  factors  such  as  frequency  response  and  density. 

Density  matching  is  only  important  for  dynamic  measurements.  If  the  density  of  the  gauge  is  appreciobly  greater 
than  that  of  the  soil  then  it  will  not  follow  tiie  motion  of  the  soil.  The  result  is  that  the  gauge  inertio  will  produce  stress 
on  the  interface  which  can  either  add  to  or  subtract  from  the  mean  value.  This  effect  becomes  increosingly  significant  os 
the  rate  of  loading  increases  and  is  most  critical  under  shock  loading.  In  addition,  o  shock  wove  will  be  altered  in  the 
vicinity  of  the  gouge  as  it  encounters  the  sudden  density  or  stiffness  change.  For  wave  lengths  which  are  long  compared 
with  the  thickness  of  the  gauge,  this  latter  effect  may  not  be  significont.  In  general,  density  motching  is  not  difficult 
to  accomplish  because  by  providing  voids  or  ballast,  or  by  proper  selection  of  components,  the  overall  weight  of  the  gauge 
can  be  mode  the  some  as  that  of  the  soil  which  it  displaces. 

Frequency  response  of  the  gauge  is  another  importont  foctor  in  dynomic  measurements.  Either  the  transducer  which 
converts  the  gauge  response  to  on  output  signal  or  the  ability  of  the  gauge  body  to  sense  the  chonges  in  stress  fast  enough 
may  be  the  factor  limiting  frequency  response.  These  problems  usually  can  be  avoided  by  proper  design.  In  contrast, 
piezoelectric  gauges,  because  of  the  nature  of  the  instrumentation,  ore  usually  more  limited  in  low  frequency  response, 
i.e.,  the  ability  to  sense  slowly  varying  stresses. 

Most  ot  these  problems  would  not  exist  if  the  gauge  behaved  as  the  soil .  It  is  not  possible  to  construct  such  c  gauge 
because  the  rnodulus  of  deformation  of  the  soil  is  not  a  unique,  constant  value  even  for  o  single  soil.  It  varies  with  stress 
level,  with  the  relationship  between  the  lateral  and  normal  stress  at  o  point  in  the  soil,  with  the  density  and  moisture 
content,  and  it  is  different  re-  loading  and  unloading.  For  use  under  a  sufficiently  restricted  range  of  conditions  so  that 
the  modulus  of  the  soil  does  not  vary  significantly,  it  may  be  possible  to  design  o  gauge  to  match  the  soil  or  to  calibrate 
it  for  over-  or  under-iegiitralion .  Except  for  this  situation  the  only  other  alternative  is  to  minimize  the  effects  of  mis¬ 
match  by  proper  gauge  design. 


FIELD  STRESS  GAUGES 

A  review  of  some  of  the  gauges  designed  to  meosure  static  earth  pressures  hos  been  compiled  in  reference  2.  The 
principal  gauges  which  have  been  used  for  measuring  pressure  in  earth  masses,  as  distinguished  from  those  designed  for 
use  on  the  face  of  o  buried  structure,  include  the  Goldbeck  cell,  the  Waterways  Experiment  Station  (WES)  cell,  the 
Swedish  State  Power  Board  cell,  the  Road  Research  Lab  gouge  and  the  Plantema  cell.  All  of  these  gauges  are  of  the  some 
general  shape,  a  disk  with  a  T  D  ratio  ranging  froni  one  for  the  Swedish  cell  to  about  0, 14  for  the  Plonfemo  cell.  For  the 
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(a)  Gouge  More  Stiff  than  Soil 


(b)  Gouge  Less  Stiff  rhon  Soil 


(c)  Stiff  Gouge  with  Flexible  Diaphragm 
Fig.  1  Stress  Distribution  Around  Embedded  Gauges 

other  gauges  the  T/D  ratio  was  obout  0,3.  No  specific  information  is  given  to  indicate  the  stiffness  of  the  gauges,  but  it 
appears  that  the  stiffness  ratios  (gouge  stiffness  to  soil  stiffness)  range  from  less  thon  one  for  the  Swedish  cell  to  values 
much  greater  thon  one  for  the  WES  cell. 

Methods  of  calibration  varied.  For  the  Goldbeck  cell  and  apparently  also  for  the  Swedish  cell  the  pressure  of 
fluid  in  the  gouge  was  used  as  a  measure  of  the  soil  pressure.  The  other  gauges  were  calibrated  under  a  uniform, 
externally  applied  fluid  pressure;  the  WES  and  Platemo  cells  were  also  calibrated  in  soil  to  obtoin  on  indicotion  of 
over-registration . 

Benkelman  and  Lancaster  (3)  observed,  using  modified  Goldbeck  pneumotic  cells,  thot  there  was  considerable 
voriation  in  the  readings  obtained  with  different  types  of  moterial  ond  different  methods  of  embedment.  It  was  reported 
that  in  plastic  clays  the  physical  dimensions  of  the  cells  did  not  produce  a  significant  deviation  in  ‘he  pressure 
indications. 
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Many  of  the  limitations  of  the  soil  pressure  gauge  have  been  determined  by  studies  at  the  Waterways  Experiment 
Station  (4),  The  report  recommends  that  cells  embedded  in  a  sand  mass  should  have  o  thicl<.nes5“diameter  ratio  less  than 
1/5  and  a  diameter-deflection  ratio  greater  than  2000. 

Whiffin  (5,6)  reports  the  use  of  two  types  of  gouges  for  meosuring  the  stresses  generated  in  soil  by  compaction 
equipment.  Both  were  developed  at  the  Rood  Research  Laboratory  in  England.  One  gauge  utilized  piezoelectric  quartz 
crystals  as  the  sensing  element.  The  housing  wos  made  of  light  alloy  so  that  the  overall  density  of  the  gauge  .vas  about  the 
some  as  that  of  the  soil.  The  T/D  ratio  was  0.17.  Special  precautions  were  token  to  water-proof  the  gauge  in  order  to 
maintain  high  circuit  impedance.  With  the  available  instrumentation  the  gauges  were  suitable  for  stress  of  obout  10  sec 
duration  or  less.  The  second  gauge  utilized  an  acoustic  sensor  consisting  of  o  vibrating  wire  to  meosure  the  deflection  of 
0  steel  diaphragm.  The  i/D  ratio  of  this  gauge  was  0.27.  It  is  suitoble  only  for  static  or  slowly  varying  stresses  because 
of  the  nature  of  the  transducer.  On  the  basis  of  theoretical  anolysis  and  some  field  measurements,  a  constant  over¬ 
registration  of  10  per  cent  was  reported  for  the  piezoelectric  gauge.  It  is  unlikely,  however,  that  this  could  be  true  for 
the  gauge  in  general . 

A  soil  pressure  cell  was  developed  by  McMahon  and  Yoder  (7)  for  use  in  the  measurement  of  pressures  in  a 
flexible  pavement  subgrade.  The  cell  is  1-1/2  in.  in  diameter  ond  3.8  in.  thick,  i.e.,  T/D  ratio  of  0.25.  One  face 
consists  of  a  flexible  steel  diaphragm  (0.015,  0.018  or  0.020  in.  thick)  to  which  SR-4  strain  gauges  are  attached  for  sensing 
the  pressure  acting  on  the  cell.  Because  of  the  difficulty  of  securing  the  diaphragm  to  the  body  of  the  cell,  the  cell  and 
diaphragm  were  machined  as  an  integral  unit  from  round  stock.  The  gauge  was  calibrated  in  air  und  embedded  in  clay  and 
sand.  The  calibration  data  obtained  in  clay  compared  well  with  the  calibration  data  in  oir.  When  sand  was  used,  the 
data  were  very  erratic  and  the  correlations  were  very  poor.  The  accuracy  of  stress  measurement  in  clay  soils  was  reported 
to  be  within  +  5  per  cent. 

The  Waterways  Experiment  Station  has  reported  experience  gained  in  the  measu.sment  of  stresses  in  soil  beneath 
applied  surface  loads  (8,9, 10).  The  first  series  (8)  were  conducted  in  a  compacted  bed  of  clayey  silt  (rerrxslded  Vicksburg 
weathered  loess  with  a  plasticity  index  of  12)  using  12  in.  dia.  WES  earth  pressure  cells.  The  soil  was  first  roiled  to  a 
depth  of  about  1  ft.  above  the  level  at  which  the  gauges  were  to  be  located.  A  hole  was  then  dug  for  each  gauge  and 
the  bottom  of  the  hole  sloped  to  orient  the  gauge  ot  the  desired  angle.  The  sensitive  face  of  the  gouge  was  placed  in 
contact  with  the  bottom  of  the  hole  and  the  soil  replaced  by  hand-tomping  with  sufficient  effort  to  provide  o  density 
approximately  equal  to  that  of  the  compacted  fill.  Loads  were  opplied  to  the  soil  surfoce  through  bearing  plates  arsd 
stress  readings  taken  with  the  embedded  cells  using  calibrations  obtoined  under  uniform  fluid  pressure. 

A  check  of  the  gauge  perforriwnce  was  obtained  by  comparing  the  meosured  stresses  with  those  computed  from  the 
theory  of  elasticity  and  by  checking  stress  equilibrium  within  the  soil.  With  this  method  of  comporison  as  a  basis,  which 
provides  only  an  approximate  check,  it  was  reported  that  the  gauges  read  definitely  within  about  +  25  per  cent  of  the 
expected  reading  and  probably  within  +  10  per  cent,  with  no  apporent  over-  or  under-registrotion  as  o  whole.  However, 
the  data  given  in  the  referenr «  show  scatter  greater  than  25  per  cent  in  some  cases.  Although  it  is  not  possible  to  be 
certain  how  much  of  this  effect  is  due  to  placement,  on' the  assumption  thot  the  opparent  error  is  rondoTily  distributed 
about  the  expected  value,  the  variation  due  to  placement  is  probably  of  the  some  order  os  the  totol  variation,  i.e., 

+  25  per  cent. 

The  WES  studies,  were  extended  to  compacted  sand  fills  (9)  using  improved  WES  earth  pressure  cells  ond  newly 
developed  shear  cells.  Again,  the  soil  was  compacted  to  a  height  above  the  cell  locations  ond  then  holes  dug  to  position 
the  gouges.  The  sand  was  carefully  reploced  around  the  gauges  to  match  the  density  of  the  rest  of  the  fill .  Gauge  response 
due  to  applied  surface  loods  was  measured  and,  based  upon  a  comparison  with  expected  stresses,  information  on  the 
reproducibility  and  consistency  of  gauge  performance  wos  obtained. 

Reproducibility  as  used  in  reference  9  is  interpreted  to  mean  the  per  cent  (+)  variotion  of  the  pressure  readings 
from  the  average  for  eoch  individual  gauge  upon  successive  identical  loodings  without  removing  and  re-embedding  the 
gauge.  Reproducibility  would  therefore  reflect  the  change  in  soil-gauge  interaction  upon  repeoted  looding.  The  results 
given  in  Table  1  show  a  reproducibility  of  obout  +  5  per  cent  based  upon  99  per  cent  of  the  dato  for  the  pressure  and 
shear  cells. 

As  used  in  reference  9,  corisistency  refers  to  the  correlotion  of  the  readings  between  identical  gauges  with 
equivalent  instol lotions,  i.e.,  at  positions  where  the  stress  conditions  should  be  the  some.  Consistency  results  listed  in 
Table  2  are  given  in  terms  of  the  per  cent  (+)  deviation  of  the  gauge  readings  from  the  averoge  values  under  identical 
conditions.  The  consistency  of  readings  for  the  pressure  cells  wos  +  11 .9  per  cent  compared  to  a  reproducibility  of 
±  5.6  per  cent.  The  difference  between  these  two  values  should  give  on  indication  of  the  minirmjm  variation  due  to 
placement.  Depending  upon  how  the  results  are  interpreted,  on  the  overoge  the  variation  due  to  plocement  ranged  from 
+  6  to  +  12  per  cent . 

In  this  cose,  neither  consistency  nor  reproducibility  necessarily  indicates  the  accuracy  of  the  stress  reodings.  In 
the  vicinity  of  the  surfore  load  the  vertical  stresses  were  higher  than  given  by  the  elasticity  theory  ond  the  horizontal 
stresses  were  lower;  however,  this  may  be  expected  because  of  the  difference  in  behovior  t«tween  the  send  erd  on  elastic 
moterial .  If  over-registration  is  ossumed  to  be  only  a  few  per  cent,  then  the  occuracy  of  the  stress  readings  should  be 
about  the  same  as  the  consistency,  i.e.,  +  12  per  cent. 
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Table  1 

REPRODUCIBILITY  OF  SOIL  GAUGES 


Reproducibility  as  Percent  of  Averoge  Number  of 

Type  of  Gouge  Reading  Readings 

50%  of  Data  99%  of  Data 


Pressure  Cell 

1  1.5 

t  5.6 

700 

Shear  Cell 

!  1.1 

t  4.2 

640 

Deflection  Gauge 

1  1 .5  (high 

deflection) 

t  5.6 

500 

1  4.0  (low 

deflection) 

1  15.2 

300 

Strain  Gauge 

!  10.9 

t  41.6 

290 

Table  2 

CONSISTENCY  OF  SOIL  GAUGES  (9) 


Type  of  Gauge 


Consistency  os  Percent  of  Averoge 
Reoding 

50%  of  Data  99%  of  Dato 


Number  of 
Readings 


Pressure  Cell 

t  3.1 

1  11.9 

40 

Deflection  Gauges 

1  9.5 

!  36.3 

13 

In  tl>e  third  series  of  WES  tests  (10),  surface  loads  were  produced  by  o  moving  vehicle  on  compacted  clay.  Three 
types  of  cells  were  used  in  these  tests:  1)  WES  earth  pressure  cell,  2)  WES  fluid  pressure  cell,  and  3)  a  gauge  constructed 
from  o  Consolidated  Electronics  Corporation  (CEC)  pressure  transducer.  The  geometry  of  these  gauges  is  shown  in  Figure  2. 

The  cloy  fill  was  first  compacted  with  rollers  ond  then  gauge  holes,  obout  7  in.  in  diameter,  were  dug  to  the 
required  depth.  The  soil  was  recompacted  by  hand  around  the  gauges  to  the  same  strength  as  the  surrounding  fill .  A 
fjenetrometer  was  used  to  control  the  compactive  effort. 

In  the  initial  tests  there  wos  considerable  variation  in  the  soil  strength  throitghout  the  fill.  The  meosured  stress 
values  were  very  erratic,  possibly  for  this  reoson,  but  there  was  oiro  uncertainty  in  the  opplied  lood  on  successive  passes 
because  of  the  difficulty  in  contiollir]^  the  alignment  of  the  vehicle  as  it  passed  oiong  the  test  strip.  In  the  firm  clay  fill, 
several  of  the  gauge  reodings  were  very  low  for  the  first  pa»  or  two,  but  increased  thereafter,  suggesting  that  the  soil 
had  not  been  compacted  sufficiently  around  the  gauge  initially. 

In  the  softer  cloy  fills  it  appeared  thot  placement  wos  better  since  the  reodings  were  more  consistent,  but  rutting 
beneath  the  vehicle  caused  considerably  more  movement  of  the  gauges  than  in  the  firm  clay.  Some  gauges  showed  little 
change  In  stress  under  successive  passes  while  others  showed  on  increase  of  as  much  os  100  per  cent. 

Another  test  was  conducted  in  clay  sufficiently  firm  that  m  rutting  occurred.  Difficulty  in  aligning  the  vehicle 
caused  some  variation  in  recorded  pressures  from  pass  to  pass.  In  oddition,  stress  recorded  by  similarly  placed  cells 
differed  considerably  for  one  pass.  The  rrxignitude  of  these  inconsistencies  is  not  Indicated,  but  the  cause  is  most  likely 
associated  with  placement  or  variation  in  the  uniformity  of  the  fill. 
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(a) 


WES  Earth  Pressure 
Cell 


Cell 


Fig.  2  Stress  Gauges  for  WES  Tests  (10) 


The  poorest  results  were 
obtained  with  the  fluid  pressure 
cells.  Generally  these  cells 
recorded  stresses  too  low  and 
were  difficult  to  place  properly 
because  of  their  shape.  The 
foct  that  they  reod  low  values 
of  siiess  suggests  that  they  were 
not  seated  properly,  because 
their  stiffness  and  high  effective 
T/D  ratio  would  tend  to  cause 
too  high  readings.  The  experi¬ 
ence  with  the  CEC  cell  was 
similar.  One  of  the  short¬ 
comings  of  this  gouge  is  its  very 
small  sensitive  area  which  makes 
it  especially  sensitive  to  place¬ 
ment  and  soil  irregularities.  In 
addition,  however,  both  of  these 
gauges  hod  cables  exiting  from 
the  back  of  the  gauge.  This  is 
a  very  undesirable  condition 
because  it  makes  proper  place¬ 
ment  extremely  difficult  to  accomplish. 

Studies  involving  the  measurement  of  stresses  in  noncohesive  soil  masses  subjected  to  vibrotory  loods  have  been 
conducted  by  Ber.nhard  (11).  The  problem  of  measuring  low  amplitude  vibratory  stresses  in  soil  appears  to  be  less  difficult 
than  other  types  of  soil  stress  measurement.  This  is  primorily  because  under  continued  vibration  the  soil  approaches  a  state 
of  elastic  equilibrium  so  that  there  is  no  further  change  in  soil-gauge  interoction  and  discontinuities  ond  variation  in 
placement  tend  to  be  smoothed  out. 

The  tests  were  performed  in  noncohesive  gravelly  sand.  The  gouge  wos  cylindrically  shaped  with  a  T/  D  ratio  of 
about  1-1/2.  The  gauge  was  calibrated  in  terms  of  the  deflection  of  a  flexible  diophragm  ot  one  end  of  the  cylinder. 

Both  uniform  pressure  and  concentrated  load  calibrations  were  made  and  the  overage  used  for  obtoining  the  soil  stress. 

The  stress  fluctuations  in  the  soil  were  measured  after  the  stable  dynamic  conditions  were  reached.  In  piecing  the  gauge, 
as  little  sanv  as  possible  was  removed  and  it  was  replaced  to  the  same  density  using  o  penetrometer  as  o  means  of  checking. 

The  occurocy  of  the  stress  measutements  was  determined  by  correlation  of  the  experimental  and  theoretical  results 
ossuming  that  the  soil  behaved  elastically  during  vibration.  On  the  bosis  of  this  anolysis  it  wos  reported  thot  68  per  cent 
of  the  reodings  were  within  +  5.2  per  cent  of  theoretical  and  95  per  cent  within  ♦  10.2  per  cent. 

Attempts  have  been  mode  to  measure  the  stresses  in  soil  produced  by  nuclear  blasts  in  conjunction  with  a  number  of 
the  nuclear  weapons  test  programs.  A  description  of  the  principal  types  of  gauges  used  or*d  on  indication  of  some  of  the 
problerre  encountered  are  given  in  reference  12. 

The  Corlson-Wiancko  earth  pressure  cell  is  reported  to  be  one  of  the  most  successful  used  in  an,,  of  the  field  tests. 

It  is  a  diaphragm  type  gauge  in  which  the  deflection  of  the  diaphrogm  is  rneasured  by  o  variable  reluctance  transducer  and 
calibrated  in  terms  of  a  uniformly  applied  pressure.  The  gauge  is  basically  disk-shaped,  but  os  originally  used  in  the 
Buster-Jangie  and  Tumbler-Snapper  field  test  series,  there  was  a  large  protrusion  on  the  bock  of  the  gauge  to  house  the 
transducer  (Figure  3).  The  reliability  of  the  gauge  was  demonstrated  in  these  tests,  but  the  recorded  stresses  appeared 
higher  than  expected.  It  wos  thought  that  the  transducer  housing  caused  a  stress  concentrotion  around  the  gauge,  and  so 
the  housing  was  made  more  compact  prior  to  further  use.  The  modified  Corlson-Wiancko  cell  was  used  in  the  Upshot- 
Knothole  series  and  better  results  were  reported. 

For  meosurements  in  rock  or  hard  soils  the  gauges  were  gerseroily  grouted  into  a  prepared  hole.  Some  attempts 
have  been  mode  to  use  grouts  which  match  the  earth  as  closely  as  possible  (13).  For  other  soil  conditions  the  go^es 
were  generally  mounted  flush  with  the  bottom  or  sidus  of  the  prepared  holes.  Moistened  and  screened  soil  was  then 
corefully  tamped  around  the  gauge  either  mechanically  or  by  hond.  Very  little  inforrrxjtion  Indicating  the  effect  of 
plocement  on  the  measured  stresses  is  available  in  the  test  reports.  However,  it  is  generally  occepted  thot  the  local 
variations  oroursd  the  gouge  can  significantly  affect  the  readings,  especially  for  streu  meosurement. 

Another  gauge  concept  was  investigated  by  United  Electrodynamics  (14).  The  gauge  consisted  of  two  sections  each 
with  a  disk  attached  to  a  hollow  stem,  one  sliding  within  the  other  (Figure  4).  The  stem  houses  the  transducer  ond  the  pres¬ 
sure  sensitive  element  is  located  in  the  center  of  one  of  the  disks.  Stem*  ore  free  to  slide  with  respect  to  each  other  without 
resistance  to  prevent  the  stress  concentration  which  would  be  coused  by  this  housing  if  it  were  rigid.  This  configuration  olso 
permits  measurement  of  strain  and  acceleration  with  the  insertion  of  a  displocement  transducer  in  the  stem  to  meciure  the 
relative  movements  of  the  ends  and  an  accelerometer  in  the  foce  of  the  disk  not  u'^H  for  the  stress  sensor. 
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SOIL -STRUCTURE  INTERACTION 


Placement  of  this  gauge  is  not 
accomplished  as  easily  as  with  other 
stress  gauges,  especially  in  cohesive 
soils,  because  of  the  difficulty  in 
compacting  the  soil  around  the  stem 
between  the  two  end  disks.  Satis¬ 
factory  performance  of  this  gauge  was 
reported  in  confined  speciiTsens  of  dry 
snnd,  although  significant  variations 
in  results  v/hich  appeared  to  be  due  to 


lack  of  adequate  control  of  the  sand 
density  were  noticed.  The  scat‘er  was 
especially  significant  at  high  stress 
levels  and  under  dynamic  loading. 

LABORATORY  STRESS  GAUGE 
EVALUATIONS 


Taylor  (15)  earned  out  a  (o)  Original  (b)  Modified 

theoretical  ancivsis  of  the  pressure 
acting  on  emoedded  gauges  which 

relates  the  gauge  error  to  its  geometry  ^  Carlson-Wiancko  Earth  Pressure  Cells 

and  stiffness  ond  to  the  soil  stiffness. 

A  more  rigorous  analysis  was  made  by  Monfore  (16)  who  considered  the  cell  to  be  embedded  in  on  infinite  elostic  homo¬ 
geneous  solid.  The  colculoted  examples  were  extended  by  Peattie  and  Sparrow  (17)  to  cover  a  wider  range  of  parameters. 
From  this  work  a  number  of  conclusions  were  drawn, 

1 .  For  a  given  set  of  conditions,  gauge  errors  are  directly  proportionol  to  the  T/D  ratio  ond  moy  be 
expressed  approximately  in  the  form 


(1) 


where  p^  =  average  pressure  on  gauge, 
p  -  true  soil  stress, 

Pg  gauge  error, 

T  -  gauge  thickness, 

D  -  gauge  diameter, 

C^  cell  action  factor  which  depends  in  port  on  gouge-soil  stiffness  rotio,  soil 
properties  and  T/D  rotio. 

2.  The  cell  oction  factor,  Cg,  increases  with  increosing  values  of  E^  Ej,  the  gauge-to^oil  stiffness  rotio; 
however,  as  Ej  increoses,  Cg  approaches  a  limiting  value.  (For  the  coses  studied  Cg  was  considered 
opproximately  constant  if  E^  Ej  v/os  greater  than  10  providing  thot  the  ratio  of  gouge  sensitive  area  to 
total  focial  oreo  was  constant.) 

3.  For  o  given  value  of  modular  ratio,  Cq  increoses  as  the  rotio  of  the  gouge  sensitive  area.  A,,  to  total 
facial  area,  A^,  increases.  This  effect  is  caused  by  the  nonuniform  pressure  distribution  over  the  face 
of  the  gauge,  the  pressure  varying  from  o  minimum  in  the  center  to  a  maximum  at  the  edge. 

4.  The  cell  oction  factor  depends  on  the  value  of  Poisson's  ratio  for  the  material  in  which  the  gouge 
is  embedded;  however,  this  effect  is  srixill. 

A  fundomentol  experimental  study  of  soil  stress  gauges  was  undertaken  by  Peattie  ond  Sparrow  (17)  in  which  the 
T/  D  rotio.  Ay  A|  and  E^  Ej  were  varied  independently.  The  gauges  constructed  for  the  test  were  5  in.  in  diometer.  The 
gauge  stiffness  wos  controlled  by  fitting  composite  plates  of  bross  ond  rubber  to  the  back  of  the  storsdord  gouge  in  ploce  of 
tise  brass  plates  used  to  vary  the  thickness. 

Effect  of  plocement  wos  evaluated  first  in  the  following  manner.  The  soil  container  wos  filled  to  the  level  ot 
which  the  gauges  were  to  be  located  ond  the  surfoce  mode  flot.  Six  identicol  gauges  were  used,  all  stiffer  thon  the  soil . 
Two  gouges  were  ploced  directly  on  this  surfoce,  two  preued  into  the  soil  on  omount  equal  to  one-half  of  the  gouge 
thickness,  and  two  pressed  into  the  soM  on  omount  equal  to  their  entire  thickness.  The  remairtder  of  the  soil  wos  odded 
and  then  the  surfoce  pressurized  uniformly.  The  response  of  the  gauges  pressed  into  the  soil  fiseir  entire  thickness  wos 
opproximotely  l5  per  cent  greoter  thon  thot  of  the  other  gouges.  The  exact  condition  of  .'hi  soil  wos  not  indicoted  for 
these  tests,  but  it  appears  thot  on  increose  in  soil  density  across  the  foce  of  the  gouge  inersased  the  stress  concentrotion 
in  the  vicinity  of  the  gouge,  thereby  increasing  gauge  response. 
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GROUND  MOTION  AND  INSTRUMENTATION 


The  error  in  gauge  reading  was  found  to  be 
o  linear  function  of  the  T/D  ratio  and  the  effect 
of  chonge  in  T/D  ratio  wos  significant.  For  a 
particular  gouge  of  constant  stiffness  and  dia¬ 
meter,  an  increase  in  T/D  ratio  0.2  to  1.0 
caused  an  increase  in  gouge  registration  ranging 
from  28  to  62  per  cent  under  the  same  loading 
conditions  in  several  soils.  Over-registro  ijn  as 
high  as  180  per  cent  was  reported  in  sand  and 
100  per  cent  in  clay. 

Several  factors  influencing  the  cell  action 
factor  were  investigated.  For  dense  sand  Cq 
varied  with  stress  level  (the  direction  of  change 
was  not  indicated)  when  the  sensitive  orea  of  the 
gauge  was  greater  than  25  per  cent  of  the  total 
facial  area,  otherwise  Cg  was  approximately 

constont  for  both  loose  and  dense  sand.  For  clay  decreased  with  stress  level--more  than  50  per  cent  in  some  coses. 

This  decrease  could  have  been  caused  by  an  Increase  in  soil  stiffness  under  pressure. 

Since  the  stress  was  not  uniformly  distributed  over  the  face  of  the  gauge,  being  higher  at  the  edge  than  ot  the 
center,  the  over-registration  was  found  to  decreose  as  the  sensitive  areo  wos  decreased  in  fjroportion  to  the  total  gauge 
area.  For  best  results  the  report  recommends  that  the  sensitive  area  be  less  thon  25  pier  cent  of  the  totol  oreo  for  rigid 
diaphragm  and  less  than  45  pier  cent  for  a  deflecting  diaphragm.  Expieriments  showed  o  decreose  in  over-registrotion  from 
as  high  a  volue  as  48  pier  cent  to  9  pier  cent  due  to  a  reduction  in  sensitive  oreo  from  ICX)  pier  cent  to  25  pier  cent  of  the 
total  area. 

The  effect  of  a  variation  in  the  stiffness  ratio,  E^Ej,  vas  observed  by  chonging  the  gauge  stiffness  for  o 
particular  soil  condition.  It  was  found  that  when  the  ratio  was  unity  the  gouge  indicoted  the  true  stress,  but  the  rote  of 
change  of  the  over-registration  with  stiffness  was  greater,  i.e.,  o  given  change  in  stiffness  ratio  produced  the  greatest 
change  in  over-registration  for  volues  of  the  ratio  near  unity.  For  one  of  the  cohesive  soils  Cp  wos  observed  to  decrease 
with  time  at  a  given  stress  level.  This  indicates  a  consolidation  which  would  increose  E,  thus  decreasing  the  rotio. 

Since  the  gauge  cannot  be  rmde  to  always  motch  the  soil  stiffness  the  repiort  recommends  that  the  stiffness  ratio  be  kept 
at  least  greater  than  ten  to  minimize  the  effects  of  changes  in  this  ratio. 

Buck  (18)  hos  investigated  gauges  for  measuring  stress  in  sand  which  were  1  ir ,  in  dia  by  14  in.  thick,  with  two 
3/4  in.  dia  sensitive  faces  consisting  of  deflecting  diaphrogms  to  which  were  ottoched  electrical  resistance  stroin  gouges. 
The  embedded  respionse  of  these  gouges  was  determined  by  embedding  them  in  o  9  in.  dia  trioxial  specimen.  The  cell 
over-registration,  linearity,  hysteresis,  and  zero-set  were  considered  and  the  following  observations  were  mode; 

1 .  The  more  angular  the  sond  the  higher  the  over-registiotlon,  lest  hysteresis  ond  lest  zero-set.  However,  a 
greater  variation  in  reproducibility  was  indicated. 

2.  The  finer  the  sand  fraction  the  more  linear  the  gouge  respxmte,  the  leu  the  zero-set  and  the  leu  the 
voriation  in  results. 

3.  The  wider  the  ronge  of  grodation  of  sand  the  less  the  variation  and  the  more  lineor  the  response . 

4.  Variation  in  the  naturally  random  psocking  of  sand  during  plocement  of  the  spsecimen  as  well  as  gauge 
plocement  were  found  to  be  the  pwimory  cause  of  doto  scotter. 

5.  Less  zero-set  was  found  to  result  from  increasing  relative  density.  In  oddition  the  over-registrotion 
decreased  ond  the  variation  in  results  increased. 

Gouges  were  embedded  usirsg  a  rme-grained  material  around  the  gauge  to  give  o  more  uniform  preuure  on  the 
diaphragm.  However,  this  technique  did  r>ot  give  ony  better  results. 

6.  It  was  evident  from  the  tests  Ihot  the  principsol  stress  rotio  ond  the  obliquity  of  stroin  both  hove  o  signiRcont 
effect  on  the  cell  Over -registration.  The  gouge  was  placed  in  the  trioxial  specimen  to  meosure  the  oxiol 
streu,  lateral  or  confining  streu,  ond  streu  on  the  45®  plone.  The  gouge  showed  over-registration  •or  the 
axial  streu  and  under-registrotion  for  the  other  two  stresses. 

An  investigation  of  gouges  for  the  measurement  of  psressures  in  soils  ond  on  the  face  of  buried  structures  hos  been 
repsorted  by  Trollopse  and  Lee  (19).  A  deflecting  diapshrogm-typse  ceil  was  constructed  for  meosurirtg  psressures  in  toil. 

This  typ>e  of  gauge  wos  chosen  for  two  main  reosons:  ease  of  construction  ortd  ovoidonce  of  edge  effects  irdterent  with  the 
piston-iypse  cell.  However,  because  of  difficulty  with  stroin  gouge  circuits  ond  insufficient  sensitivity  no  sotisfoctory 
results  were  obtained  with  this  gouge.  Some  information  obout  embedded  gouge  perfotmorKe  wm  obtained  rsevertheleu. 

It  wos  concluded  that  to  limit  the  effects  of  soil  density  variation  on  looding,  unloading,  ond  repseated  looding 
cycles  within  psrocticol  requiremen's,  the  diaphragm  should  be  designed  so  thot  the  deflection  to  psreuure  ratio  is  leu 
than  I  X  I0~^  in.,  psi.  If  this  condition  is  satisfied,  maximum  deflection-to-diameter  ratio  is  l:?00C.  It  was  also  repsorted 
that  the  measurements  of  ptreuures  in  cloy  fills  optpeor  to  present  for  leu  difficulty  than  similar  measurements  in  sends  orsd 
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Some  tests  were  mode  by  the  writer  (20)  to 
determine  the  response  of  a  go;joe  whose  stiffness  was 
much  less  than  that  of  the  «,oii.  The  gouge  consisted 
of  a  1  in.  diameter,  1  in.  long  cylinder  of  urethane 
rubber  molded  around  a  smoll  foil  strain  gauge, 
parallel  to  the  axis  of  the  cylinder.  The  gauge  was 
evaluated  using  a  conventional,  soil  triaxiai  chamber 
by  embeuding  it  in  a  3  in.  diameter  cylinder  of  dry 
sand  confined  under  a  hydrostatic  pressure.  As  on 
axial  load  was  applied  to  the  sand  specimen  the 
average  axial  stress  and  strain  were  measured  together 
with  the  output  uf  the  gauge. 

The  average  axial  stress-strain  curves  for  the 
sand  specimen  under  three  different  conditions  of 
density  and  confining  pressure  are  shown  in  Figure  5a 
together  with  the  stress-strain  response  of  the  soft 
rubber  material  under  uniform  pressure  (when  not  em¬ 
bedded),  The  specimen  response  is  very  non-lineor 
and  the  slope  of  the  stress-strain  curves  is  much 
greater  than  the  modulus  of  the  gauge  material  except 
near  failure. 

The  gauge  readings  from  ttrese  same  tests  are 
shown  in  Figure  5b,  The  output  of  the  gauge  for  a 
given  oxial  stress  was  considerably  less  embedded 
than  for  the  same  uniform  stress  applied  directly  to 
the  gauge,  i.e,,  there  was  considerable  under¬ 
registration.  The  discrepancy  decreased  as  the  slope 
of  the  specimen  stress-strain  curve  approaclied  the 
modulus  of  gauge  material .  The  point  at  which  the 
two  agree  may  be  seen  in  Figure  5b.  Beyond  this 
point  the  gauge  indicated  o  stress  higher  than  the 
average  specimen  stress,  i.e.,  over-registration. 

A  correlation  of  the  output  of  the  gauge  with 
average  specimen  strain  showed  that  this  gauge 
responds  roughly  In  proportion  to  specimen  strain. 

Hence,  only  when  the  specimen  stress  is  proportional 
to  its  strain  will  this  gauge  respond  in  proportion  to 
stress.  But  since  the  under-registration  is  also  a 
function  of  the  value  of  the  modulus  and  since  this 
modulus  diiieis  I'ui  uu,.h  conJitic  .  oi  Oensiiy  Oi.'* 
fining  pressure,  then  the  gauge  can  still  not  be  used, 

(n  general,  because  a  different  calibration  cuive 
would  be  required  for  each  situation. 

A  preliminary  investigation  of  a  small  labora¬ 
tory  soil  stress  gauge  was  conducted  (21)  to  determine 
the  influence  of  various  factors  on  stress  measurement 
with  embedded  gauges.  Two  types  of  gauges  were 
used,  one  o  diaphragm  type  using  a  strain  gauge  trans¬ 
ducer  and  the  other  a  piezoelectric  gauge  (Figure  6). 

Both  were  cylindricolly  shaped  with  a  T/D  ratio  of 
approximately  one.  The  gauges  were  first  calibrated 
under  uniform  air  pressure  and  then  embedded  in  soft 
rubber  cylinders  used  to  simulate  the  :oM.  The  rubber 

was  essentially  linearly  elastic  in  its  response  and  it  was  formed  around  the  gouge  in  a  liquid  state.  Thus,  both  the  effects 
of  non-linear  soil-gauge  interoction  and  the  placement  problems  were  circumvented  in  this  study. 

Under  static  loading  the  diaphragm  gauge  showed  an  over-registration  of  about  40  per  cent;  under  dynamic  loading 
it  was  about  80  per  cent.  The  difference  between  the  static  and  dynamic  results  was  attributed  to  vicsoelastic  behavior  of 
the  rubber.  The  presence  of  the  stress  concentration  in  the  vicinity  of  the  gouge  was  further  illustrated  by  varying  the 
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Fig.  5  Results  of  Tests  on  Soft  Gauge  (20) 
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Fig.  6  Preliminary  ARF  Stress  Gouges  (21) 


length  and  diameter  of  the  rubber  specimen  and  the  rigid  loading  plate.  The  over-registrotion  of  the  gauge  was  found  to 
decrease  as  the  modulus  of  elasticity  of  the  rubber  was  increased. 

The  over-registration  of  the  piezoelectric  gauge  under  dynamic  lood  was  about  40  per  cent.  No  information  is 
available  on  Its  response  to  static  loads.  The  smaller  over-registrotion  for  the  piezoelectric  gauge  compared  to  the 
diaphragm  gauge  may  be  because  the  sensitive  orea  of  the  former  Is  restricted  to  the  center  of  the  gauge  face,  while  for 
the  diaphragm  gauge  the  entire  gauge  face  is  sensitive  to  pressure. 

Small  disk-shaped  piezoelectric  stress  gauges  (1/2  in,  dia  by  1/32  in,  thick)  hove  been  developed  at  United 
Reseorch  Services  (22)  to  measure  dynamic  stresses  in  a  confined  column  of  sand,  Preliminory  studies  of  these  gauges  in 
sand  indicate  that  the  over-registration  is  small  so  that  uniform  pressure  calibrations  may  be  used  to  corr^ute  stress.  The 
total  range  of  data  scatter  including  the  effects  of  placement  appeors  to  be  about  1  20  per  cent.  The  uncertointy  arises 
because,  as  a  result  of  attenuation  of  stress  along  the  length  of  the  column,  only  the  stress  at  the  sand  boundary  is 
accurately  known.  Gauge  placement  was  accomplished  by  pressing  lightly  on  the  gouges  to  seat  them  on  o  leveled 
cross  section  of  sand  at  the  desired  depth  before  additional  sand  was  odded. 

An  extensive  investigation  of  soil  stress  meosurement  was  mode  at  IIT  in  connection  with  a  study  of  stress  wove 
prc  jgullori  (2‘)  The  considered  all  utilize''  ■:  piezoelectric  cerar.iic  tronsduc  ''  os  ihe  sensing  elemenl  with  a 

numbei  of  vuriatioiis  in  tne  thickness-to-diameter  ratio  and  methods  of  encasing  the  gauge. 

The  advantages  of  the  piezoelectric  transducer  are  1)  its  short  response  time  (microseconds)  making  it  especially 
suitable  for  shock  type  loading,  2)  the  small  size  crystal  possible,  3)  the  high  electrical  sensitivity  and  4)  high  stiffness 
(about  the  same  as  aluminum  for  the  gauges  used  in  this  study).  But  aside  from  the  inherent  difficulties  of  stress 
meosurement  with  any  type  of  gauge,  the  use  of  these  transducers  introduced  other  experimental  problems.  These  were, 
principally,  extreme  sensitivity  to  electromagnetic  radiation,  temperature,  ond  moisture.  The  piezoelectric  ceramics 
are  also  sensitive  to  any  impressed  distortions  which  result  from  the  woy  in  which  the  stress  from  the  soil  is  applied  to  the 
gauge.  They  are,  therefore,  sensitive  to  mounting  and  method  of  plocement  ond  to  the  manner  In  which  the  sensing 
element  is  isolated  from  the  soil.  For  example,  shearing  stresses  on  the  foce  of  the  transducer  as  well  as  bending  moments 
will  produce  appreciable  signals.  The  piezoelectric  transducer  acts  as  an  electrical  charge  generating  device.  Because 
of  the  resistance-capacitance  characteristic  of  the  electrical  circuitry,  extremely  high  circuit  resistance  is  required  in 
order  to  measure  stresses  of  greater  than  a  few  seconds  duration  and  this  required  resistance  is  difficult  to  obtain. 

The  gouges  studied  had  thickness-diameter  (T/0)  ratios  varying  from  1.0  to  0.08  with  a  maximum  gauge  diameter 
of  1 .0  in,  (23).  One  basic  configurotion  of  a  cylinder  of  barium  titanate  mounted  in  a  small  metal  cup  similar  to  the 
gauge  shown  in  Figure  6b.  This  gauge  hod  been  designed  and  constructed  for  use  in  measuring  air  shock  pressures.  The 
other  gauges  were  constructed  from  disk-shaped  piezoelectric  elements  (Figure  7),  These  gauges  were  constructed  with 
and  without  a  metal  edge  ring  to  isolate  the  element  from  the  effects  of  lateral  pressure,  and  with  and  without  a  teflon 
face  covering  to  isolate  the  effects  of  friction  on  the  face  of  the  gauge.  In  some  cases  the  unmounted  ceramic  crystals 
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The  cyiindricol ly-shaped  N-gouge  did  not  pertoffr; 

Kstisfoc lof ily  for  meosoring  stress  in  vor)d.  The  embedded  gouge 
lensiMvity  (or  colibrotion  foctor)  voried  significantly  with  speci¬ 
men  confining  pressure,  sand  density,  stress  level,  and  repeated 
loading.  The  gauge  was  also  quite  serisitive  to  placement  condi¬ 
tions.  As  a  result  the  gouge  could  not  be  colibrated  so  that  its 
output  could  be  used  to  reasonably  predict  the  true  stress  in  sand 
specimens. 

The  factors  contributing  to  the  gauge's  deficiencies  were 
that  1)  the  stress  sensing  element  was  not  sufficiently  larger  than 
the  groin  size  of  the  sand,  2)  the  thickreis-diarneter  ratio  was 
too  large,  and  3)  the  location  of  the  electrical  leads  creared 
placement  difficulties.  It  is  believed  that  some  of  these 
problems  would  be  less  significant  in  compacted  clay  specimens. 

A  disk  gauge  was  designed  to  eliminate  the  undesirable 
features  of  the  N-gouge.  The  sensitive  area  was  increased,  the 
thickness-diameter  ratio  was  decreased  and  the  leads  were 
attached  to  the  side  of  the  gouge  to  simplify  placement. 

The  sensitivity  of  the  disk  gauge  was  much  less  influ¬ 
enced  by  such  factors  os  confining  pressure,  density,  and 
placement,  but  these  effects  were  still  significant.  The  evalu¬ 
ation  of  over-registration  could  only  be  qualitative  because  of 
the  large  variation  in  values  for  the  embedded  caiibioiiun.  It 
was  c'i»erved  tiiat  for  stress  levels  well  below  specimen  failure 
there  was,  of  course,  30  per  cent  over-registiotion  ftx  the  embe  j. 
covering.  Without  the  teflon  the  over-registration  wos  about  100  per  cent,  and  without  either  the  teflon  or  the  edge  ring 
the  over-registration  was  abour  200  per  cent.  The  significant  over-registration  in  the  latter  two  cases  was  a  characteristic 
of  the  gauge  construction  since  the  piezoelectric  ceramic  was  sensitive  to  friction  across  its  face  and  pressure  on  the  edges. 
It  is  apparent,  then,  that  the  largest  observed  over-registration  can  be  eliminated  by  suitable  gauge  design. 

The  gauge  calibration  curves  were  linear  for  stresses  well  below  specimen  failure,  but  the  sensitivity  increased  as 
the  fnihjpe  stres.  wos  opptuuched.  The  gouge  response  was  linear,  in  general,  only  when  the  soil  stress  strain  relationship 
was  linear.  Thus,  a  change  in  the  soil  stiffness  had  an  appreciable  effect  on  the  gauge  response  whether  caused  by  a 
change  in  confining  pressure,  density  or  by  the  normol  stress  level.  This  was  found  to  be  true  even  though  the  gauge 
stiffness  itself  was  very  high  compered  with  that  of  the  soil.  As  a  consequence  of  this  effect,  the  gauge  calibration  curves 
showed  appreciable  hysteresis  for  stresses  near  specimen  failure.  Also  as  a  result  the  gouge  performance  was  much  better 
in  confined  specimens  than  in  triaxiol  specimens.  It  is  evident  that  even  though  the  gauge  stiffness  was  much  greater  than 
the  soil  stiffness  (by  a  factor  of  200  or  more)  a  change  in  soil  stiffness  still  affected  the  gauge  response. 

Gauge  placement  was  onother  significant  foclor  which  effected  gauge  response  and  accounted  for  a  significant 
variation  in  the  response  even  though  all  other  conditions  were  constant.  Variations  due  to  placement  of  up  to 
i  50  per  cent  were  observed . 

The  static  and  dynamic  sensitivities  of  the  disk  gauges  were  identical,  but  showed  a  i  10  per  cent  variation  when 
used  in  specimuris  having  a  wide  range  of  confining  pressures  and  densities. 

It  was  clear  trom  this  investigation  that  a  more  elaborate  piezoelectric  stress  gauge  design  is  required  to  isolate  the 
sensing  element  from  the  undesirable  influences.  The  gouges  used  in  the  study  were  clearly  affected  by  a  complex  set  of 
circumstances  as  a  result  of  their  particular  design  feotures.  This  makes  generalization  of  the  conclusions  to  other  go'jge 
designs  subject  to  some  question.  The  study  has  indicated  the  problems  involved  in  stress  measurement  with  piezoelectric 
sensors.  As  a  result  of  this  information  a  more  elaborate  stress  gauge  has  been  designed  which  appears  to  give  superior 
performance  to  the  more  simple  versions.  Extensive  evoluotion  of  the  new  gauge  is  currently  underway. 


Fig.  7  Piezoelectric  Disk  Stress  Gauge  (23) 

..  guuge  projected  with  on  edge  ring  and  a  teflon 


SOIL  STRAIN  MEASUREMENT 


Much  less  information  is  available  on  the  performance  of  soil  strain  gauges  than  soil  stress  gauges.  In  the  majority 
of  studies  in  which  strains  in  soil  hove  been  determined  the  gauge  has  consisted  of  some  type  of  device  to  measure  the 
change  in  spacing  between  two  points  in  the  soil  to  which  It  is  attached.  Most  concepts  have  involved  two  reference 
points  physically  coupled  with  a  displacement  transducer.  The  physical  connection  required  between  the  gauge  points 
causes  interference  with  movement  of  the  soil  in  the  region  between  these  gauge  points  and  complicates  the  placement  of 
soil  around  the  gauge. 
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r.-tf  a  s<?tijfacfor,  rneons  Qffac*’l’'i-j  tne  gajge  *o  fbe  soii,  coa  2;  jojqe  sbo^l'j  ^reelf  Gilow  (ne  soil  'nove^'-er'^ , 
whif-  .Teans,  in  part,  tKat  the  stiff  iess  of  the  googe  should  be  os  small  as  possit.'le  and  the  density  of  the  go-.ige  components 
should  be  about  the  j-ame  as  thot  of  the  soil.  Placement  Is  one  o*  the  bsqgest  prcsblems  /.irh  strain  gauges  since  the  gauge 
will  only  respond  to  the  stroin  of  the  soii  immediately  sur'Ourwiing  it. 

A  gauge  with  o  shoit  base  length  (apporenll;.  about  6  in.)  was  developed  by  Sondia  Corporation  (12)  for  use  on  the 
Tumbler-Snapper  field  tests.  It  consisted  of  a  telescoping  tube  with  o  disk  attached  to  each  end.  A  differential  transformer 
within  the  tube  meosure.!  the  relative  displacement  the  TI.c  prir:‘pcl  proved  satisfocloiy  but  the  electromagnetic 

pulse  from  the  blast  caused  too  much  interference  to  obtain  suitable  stroin  records.  After  modification  the  gouge  was  used 
on  Upshot-Knothole  and  Teopot  with  better  results. 

From  Plumbbob,  SRI  used  linear  differential  transformers  to  meosure  relative  displacements  between  two  anchors  2 
or  3  ft.  apart.  These  were  set  into  the  side  of  o  large  hole  before  backfilling  (25).  Problems  were  encountered  with 
electrical  shorts  in  the  cables  thus  no  conclusions  were  reached  regording  the  performance  of  the  gouge. 

A  tube-shaped  strain  gauge  with,  no  projecting  end  disks  has  been  under  development  by  SRI  (26).  The  two  end 
pieces  are  connected  by  sylphon  beMows  of  the  same  outside  diameter.  The  purpose  of  the  bellows  is  to  permit  movement 
of  the  ends  with  little  resistance  while  providing  lateral  support  for  the  interior.  Inside  the  bellows  is  a  linear  differential 
transformer  for  measuring  the  relative  displacement  of  the  ends.  The  entire  gauge  is  encased  in  a  plastic  sleeve  to  keep 
the  ends  at  the  proper  spacing  during  placement.  The  gauge  is  designed  for  installation  in  smoll  diometer  holes  to  measure 
the  strain  in  the  direction  of  the  axis  of  the  hole.  It  is  suspended  at  the  pioper  depth  and  cemented  in  place  with  a  grout 
intended  to  be  as  stiff  as,  or  less  stiff  than,  the  surrounding  ground. 

For  those  tests  in  which  the  strain  measurements  have  been  mode  in  rock  qenerolly  wire  resistance  strain  gauges 
have  been  embedded  in  cast  cement  cylinders  (27)  or  on  the  surfoce  of  rock  cores  taken  from  the  parent  material.  The 
cores  ore  then  grouted  into  drilled  holes  in  the  rock. 

The  general  procedure  used  for  placement  of  short-span  strain  gouges  in  prepared  holes,  other  than  by  grouting, 
involves  recompacting  the  soil.  Moistened  and  scr<»en»*d  soil  similar  to  that  removed  from  the  hole  i»  corefully  hand- 
tamped  around  the  gauge  for  a  depth  of  about  one  foot  above  the  gauge  (12).  The  remoirtder  of  the  field  is  usually  tamped 
mechanically. 

Measurements  of  soil  trains  and  displacements  have  been  made  at  WE5  in  connection  with  the  previously  described 
studies  of  stresses  in  soil  due  to  applied  surface  loads  (9).  Selsyn  motor-type  gauges  we^e  constructed  for  measuring  the 
relative  movement  bei..een  points  on  the  surface  and  ooints  in  the  soil  at  vorious  depths.  The  core  of  n  linear  differential 
transformer  was  attached  to  one  end  of  a  rod  and  a  circular  disk  to  the  other.  A  second  disk  was  centered  on  the  trons- 
former  coil.  The  assembled  gauge  had  a  base  length  of  10  in.  These  gauges  were  used  only  in  sand;  the  method  of 
placement  was  basically  the  same  as  used  for  stress  gauges. 

The  reproducibility  and  consistency  of  the  reodings  obtoined  with  the  strain  and  displacement  gouges  are  given  in 
Tables  I  and  2.  Neither  the  strain  nor  deflection  gauges  performed  as  well  os  the  pressure  and  shear  cells.  It  was 
suggested  in  the  discussion  of  the  stress  gauge  results  that  the  errors  due  to  plocement  are  probably  on  the  order  of  the 
difference  between  consistency  and  reproducibility.  A  comparison  of  Tables  1  and  2  shows  that,  for  each  case  represented, 
the  consistency  is  about  twice  reproducibility,  hence  the  errors  due  to  plocement  may  be  about  the  same  magnitude  as  the 
reproducibility.  Thus,  for  the  strain  and  displacement  gauges  the  placement  effects  would  be  about  t  42  per  cent  and 
t  15  per  cent  respectively.  The  considerable  effect,  especially  pronounced  for  the  strain  gauges,  moy  be  the  result  ot 
the  relatively  small  values  of  Si  ain  which  occur  in  a  compacted  sand  fill. 

Field  tests  in  which  strains  were  measured  in  the  soil  produced  by  static  surface  loads  and  by  vehicles  moving  over 
the  ground  surface  have  been  conducted  at  IITRI  (28).  The  gauges  developed  for  this  study  also  used  on  iron-core  differential 
transformer,  but  in  a  miniaturized  version.  The  transformer  housing  was  3  in.  long  ond  3/8  in.  in  diometer;  the  gauge 
length  was  6  in.  Differential  displacements  of  the  two  ends  of  the  gauge  as  small  as  0.0001  in.  could  be  detected  over  a 
range  of  1/2  in.  However,  transverse  and  rotational  movements  of  the  core  inside  the  coil  could  produce  response 
corresponding  to  longitudinal  displacements  of  0.0001  in.,  hence  the  gauges  could  not  be  relied  upon  for  such  small 
movements. 

The  gauges  were  specially  designed  for  embedding  in  natural  soil  deposits  with  os  little  disturbance  os  pouible. 

Two  different  configurations  were  used  (Figure  8),  one  for  vertical  orientation  and  the  other  for  horizontal  orientation, 
the  difference  being  based  upon  the  method  of  plocement.  Each  end  of  the  gouge  for  vertical  displacements  was  coupled 
to  the  soil  by  an  auger  which  was  screwed  into  a  pilot  hole  drilled  into  the  soil .  The  ends  of  the  horizontal  gouge  were 
coupled  to  the  soil  by  stokes  which  were  pressed  Into  the  bottom  of  o  narrow  vertical  slot  cut  into  the  soli.  In  some  tests, 
after  the  gauges  were  placed,  the  holes  were  backfilled  with  soil  compacted  to  the  some  penetration  resitfonce.  In  other 
tests  the  holes  were  left  unfilled. 

The  response  o^  two  gouges  os  a  function  of  static  surface  pressure  is  given  in  Figure  9.  The  horizontal  gouge  did 
not  begin  responding  to  the  load  immediately,  indicating  some  small  slock  in  the  coupling.  Ir  is  very  difficult  fo  place 
these  gouges  in  soil,  especially  the  horizontal  ones,  such  thot  stock  in  the  system  is  less  than  o  few  ten  trtousondths  of  on 
inch.  The  nonrecovery  of  the  dispiocement  upon  loading,  shown  in  Figure  9,  is  believed  entirely  o  function  of  the  soil 
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vnl  primorll,  reflect  bot*-  tHe  etfect  of  piocernent 
and  the  nonhoniogeneities  in  the  soil.  However,  it  is 
expected  that  an  apptreciable  part  al  this  is  due  to 
plocement.  Within  this  data  voriation  no  differences 
were  observed  between  the  condition  where  the  gauge 
holes  were  backfilled  and  where  they  were  not. 

The  development  of  an  electrically  coupled 
laboratory  soil  strain  gauge  was  undertaken  at 
IITRI  (29,30)  in  an  attempt  to  overcome  some  of  the 
limitations  of  the  previous  gouge  designs.  A  schematic 
of  the  gauge  is  shown  in  Figure  10.  The  gouge,  itself, 
consists  of  four  coils,  two  poirs  in  the  soil  and  two  on 
an  adjustoble  micrometer  mount.  A  detailed  des- 
scription  of  this  gauge  and  the  results  of  laboratory 

evaluotion  of  it  are  contained  in  another  paper  in  this  symposium  (31).  The  gauge  gives  promise  of  being  a  valuable  tool 


Horizontal  Gauge 

Fig.  8  IITRI  Field  Strain  Gauges  (28) 


for  soil  mechanics  research.  Further  development  is  underway  to  adapt  the  gauge  cc 


for  field  application. 


SUMMARY 


Previous  experience  with  stress  and  strain  measurements  in  soil  has  been  reviewed.  It  is  generally  believed  that 
soil  stress  is  a  very  difficult  measurement  to  moke  accurately,  especially  in  the  field.  The  most  important  factor  effecting 
stress  gauge  response  is  the  difference  in  stiffness  between  the  gauge  and  the  soil.  The  influence  of  this  factor  is  signifi¬ 
cantly  effected  by  placement  conditions  and  gauge  geometry,  and  is  not  a  constant  becouse  the  soil  stiffness  Is  variable. 

It  is  evident  from  the  post  experience  with  stress  gauges  that  considerable  technique  is  involved  in  obtoining 
reliable  soil  stress  measurements.  On  the  basis  of  information  available  to  date  to  appears  that: 


DiffererttiAl  OiepUccment,  in. 

Fig,  9  Representative  Stroin  Gouge  Dis/locemert 
Response  in  Silty  Cloy  (28) 
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2.  f^'x*  ratio  gojge  stiffness  *o  soli  stiffness 
sKoold  be  i<ept  as  large  as  possible, 

3.  the  gauge  design  most  take  into 
consideration  methods  of  placement,  ond 

4.  under  ideal  conditions  the  gouge  can  be 
expected  to  reed  the  true  stress  within 

1  10  per  cent,  but  in  the  field  1  25  per 
cent  is  a  more  realistic  estimate. 

Conceptually,  soil  strain  is  easier  to  measure 
because  the  gauge  ideally  should  not  have  any  stiffness 
and  hence  should  deform  as  the  soil.  However,  strain 
gauges  are  generally  more  difficult  to  place  because 
of  their  cotifiguration  and  their  presence  does  often 
constrain  the  soil  locally.  For  many  applications  the 
magnitude  of  strains  to  be  detected  border  on  the 
precision  of  the  gauge.  For  these  reasons  the  overall 
accuracy  of  strain  measurement  is  probably  no  better 
than  stress  measurement. 

Although  the  measurements  of  stress  and  strain 
in  soil  present  very  difficult  problems,  efforts  to  solve 
these  problems  are  to  be  encouroged.  The  attaining  of 
such  information  on  soil  response  promises  to  greatly 
assist  in  understanding  the  many  complex  soil- 
structure  interoction  problems. 


Fig.  10  IITRI  Coil  Stroin  Gauge  (29) 
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THE  BEHAVIOR  OF  SHALLOW-BURIED  CYLINDERS 

by 

Jay  R.  Allgood* 


INTRODUCTION 

In  designing  shallow  buried  shelters  one  is  usually  conceinc-d  with  loads  in  the  range  of  25  to  500  psi.  Such 
loadings  are,  of  course,  much  larger  titan  those  encountered  in  normal  culvert  and  buried  pip>e  design  and  are  dynamic 
rather  than  static.  These  basic  differences  give  rise  to  the  need  for  an  extension  of  the  knowledge  of  soii-structure 
interaction  and  for  development  of  improved  methods  of  artclysis. 

To  understand  dyrtamic  response  it  is  almost  axiomatic  that  the  static  behavior  must  first  be  understood.  A 
logicol  route  to  comprehension,  then,  would  seem  to  be  to  draw  upon  the  accumulated  knowledge  of  such  fields  as  the 
static  behavior  of  buried  culverts  end  the  buckling  of  cylinders  in  a  hydrostatic  field  and  to  extend  this  informotion  as 
necessary  to  solve  the  blast  response  problem. 

This  paper  represents  on  effort  to  synthesize  available  information  to  gain  on  improved  understarxiing  of  the 
behavior  of  shollow  buried  cylinders  whose  axes  are  paroliel  to  the  ground  surface,  «  indicoted  in  the  sketch  in 
Figure  I,  and  to  define  specific  areos  where  further  research  is  needed.  The  treatment  is  limited  to  thin  metal  cylinders 
in  a  granular  non-cohesive  soil  field,  rarticular  attention  is  given  to  the  orching  and  buckling  phenomena  and  in  these 
areas  extensiorts  to  available  knowledge  are  offered. 

In  the  follcr.ving  paragraphs,  tfie  stotus  of  culvert  desi  and  the  predominant  experimentol  work  ore  reviewed. 
Then,  the  status  of  applicable  buckling  theory  is  given.  Therecfter,  the  know  asoects  of  stotic  behavior  ore  discussed 
to  provide  the  basis  for  a  limited  treotment  of  dynamic  response 

ANAL'-'SIS  OF  FROfcLEM 

It  is  known  from  long  experience  tfat  t'  ir  metal  cylinders  buried  in  eorth  hove  the  copocity  for  resisting  lorge 
surcharge  and  surface  live  loads.  This  is  possible  because  J  resistonce  provided  by  the  confining  earth  medio.  The  exact 
nature  of  the  interaction  has  not  been  wel'  understood;  however,  from  the  studies  thot  hove  been  performed,  the  dominont 
parameters  are  krujwn  to  be  those  assoc'ited  with  1)  syster..  geometry,  2)  type  of  loading,  and  3)  structure  and  medio  proper¬ 
ties.  Those  associated  with  geometry  ore  the  diameter  to  fhicknes.s  ratio,  the  length  to  diameter  rotio,  the  depth  of  cover 
over  the  crown  to  diameter  ratio,  and  the  depth  ot  soil  to  bed  rocf ,  Inoddition  to  these  parameters,  it  is  known  that  the  initioi 
shape  of  the  stnjcture  after  backfill  has  an  'nfluer.ce  on  the  laod  copocity.  As  to  the  loading  parometers,  one  must,  of 
course,  know  whether  the  loading  is  static  or  dynamic.  If  it  is  a  blost  loading,  one  should  know  the  ratio  of  the  rise 
time  to  the  natural  period  of  the  buried  structure,  the  rorio  of  the  pooitive  phase  duration  to  the  notural  period  ond  the 
peak  side-on  overpressure.  It  also  is  important  to  k.sow  ‘^he  orientation  of  the  wave  front  with  respect  to  the  longitudinoi 
axis  of  the  structure.  Likewise,  one  must  know  the  velocity  of  the  blast  wave  and  the  seismic  velocity  o^  the  soil  medio 
to  determine  the  angle  of  incidence  of  the  soil  stress  wove  to  the  ground  surface.  Structure  and  media  physicci  properties 
of  domirwnt  concern  are  the  structure  stiffness,  the  moduli  of  vertical  and  horizontal  soil  reaction,  and  the  soi*  properties 
affecting  these  moduli  Including  the  ongle  of  friction,  the  density,  and  the  cohesion.  Absolute  and  relative  densities  of 
the  bedding  and  backfill  soil  are  exceedingly  important — soft  bedding  permits  developing  arching,  dense  compaction  at 
the  sides  enables  thn  jctlvation  of  large  passive-sense  pressures  in  the  soil  at  smell  deflections.  The  influence  of 
cited  parameters  and  the  choracteristics  of  failure  of  buried  cylinders  will  become  more  apparent  in  subsequent  discussion. 

Failure  of  buried  .yiinders  con  occur  in  several  possible  modes  including  bucklirsg,  excessive  deformation, 
joint  failure,  compression  yielding  of  the  tube  material,  and  end  wall  collapse.  What  constitutes  excessive  deflection 
depends  on  Hie  function  of  tfie  strucrute.  Large  relative  motions  between  a  personnel  shelter  and  the  free  field  may  result 
in  rupture  of  Fuel,  woter,  ono  sewer  lint's.  Control  of  relotive  deformotions,  obviously,  is  as  important  os  assuring  ogoinst 
buckling. 

Until  recently  it  was  not  o^knowledged  that  foilure  could  occur  by  buckling;  yet,  for  the  high  overpressures 
induced  by  nur  weapons,  bucklir.-,  is  a  highly  probable  mode  of  foilure.  The  load  at  which  buckling  occurs  is 
directly  depencutd  on  the  amount  o*  arching  that  occurs  in  the  soil  bridge  across  the  staicture. 

Actually,  little  is  known  of  buckling,  arching,  or  other  aspects  of  the  interaction  phenomenon.  Part  of  the 
difficulty  in  comprehending  the  phenomenon  is  due  to  lack  of  knowledge  jf  soil  properties,  including  lack  of  data  on  the 
influence  of  surcharge  pressure  on  the  moduli  of  soil  reaction.  Without  this  information  or  knowledge  of  the  pressure 
distribution  around  the  buried  cylinder  it  is  difficult  to  analyze  the  structure. 

•Structural  Researcli  Engineer,  Structures  Division,  U,  S.  Novol  Civil  Engineering  Lab,  Port  Hueneme,  Colifomia. 
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SOII-S7RUCTURE  INTERACTION 


Fig.  1  Buried  Cylinder  Foilure  Load 

Frori  the  preceding,  one  con  deduce  that  these  five  Ue.r:.  bod;-  defbcticns  reLtivt  to  the  tree  field,  moduli  of 
soil  reaction,  interface  pressure  distribution,  buckling,  end  arching  coretitute  the  major  unknowns  and  present  the 
challenge  to  comprehension  that  is  the  goal  of  this  paper.  These  facets  of  the  problem  will  l>e  examined  following  o  review 
of  previous  work . 

REVIEW  OF  PREVIOUS  WORK 


Status  of  Culvert  Design 

One  of  the  more  widely  known  methods  for  the  design  of  flexible  culver*'  is  due  to  Spangler  and  his  proteges  and 
is  based  on  limiting  the  horizontal  deflection  to  on  occeptable  value  (I).  A  common  criteria  is  that  the  horizontal  deflec¬ 
tion  shall  not  exceed  5  percent  of  the  nominal  diameter.  This  is  based  on  the  observation  that  the  vertical  crown  deflection 
that  causes  collapse  is  obout  20  percent  of  the  nominal  diameter  (2).  The  Spangler  eqi;ition,  srme'ime*  reft..ed  to  as  the 
Iowa  Formula,  is  utilized  later  in  this  paper. 

Another  widely  used  semi-empirica!  method  developed  by  Barnard  atten.pts  to  define  the  deformation  and  the 
failure  load.  Barnard's  development  is  bosed  on  the  membrane  method  and  presumes  that  failure  occurs  whe )  the  com¬ 
pressive  stresses  exceed  the  yield  stress.  The  method  ignores  bending  moments  and  the  possibility  ot  buckling  (3). 

A  more  elementary  method,  recommended  by  one  of  the  largest  suppliers  of  culverts,  is  the  so-call  ’fd  ring-compression 
method  (33).  It  involves  treating  a  culvert  as  a  pure  compression  ring  to  assure  that  the  wall  and  seom  strength  are  ade¬ 
quate  and  then  making  a  check  to  determine  if  the  stiffness  is  larger  than  a  given  minimum  which  experience  has  shown  'mM 
insure  against  buckling  failure. 
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Secenfly,  Meyerhof  and  his  colleagues  hove  developed  on  improved  design  method  that  treats  buckling  in  o 
rotional  way  (4,32).  The  method  is  bosed  on  observations  of  a  series  of  curved  plates  bearing  against  soil.  Meyerhof  con¬ 
tends  that,  "Experience  with  culverts  ha;  shown  that  their  tlexurol  rigidity  governs  moinly  the  installation  stages  ond  com- 
poction  of  the  backfill,  and  the  compressive  strength  of  the  culvert  governs  its  behavior  under  the  working  load."  Meyerhof 
and  Boike  have  proposed  an  equation  for  the  stress  at  buckling  which  allows  for  accidental  geometric  irregularities  (4). 

Experimental  Evidence 

^Ison  has  performed  static  tests  on  small  steel  tubes  5  to  10  inches  in  diameter  with  diameter  to  thickness  ratios  of 
454  to  909  and  length  to  diameter  ratios  of  1.2  and  2.4  (5).  The  tubes  were  sheet  steel  0  011  Inches  and  0.015  inches  thick 
and  were  buried  in  a  dry  well-compacted  sand.  Measurements  consisted  entirely  of  applied  load  and  radiol  deformation  of 
the  intrados  of  the  hjbes. 

Bulson  found  that  it  was  possible  to  express  oil  of  his  results  in  the  form  of  a  single  empirical  equation.  The  equation, 
however,  has  several  deficiencies,  among  which  are  that  it  contairw  no  term  to  occount  for  the  soil  modulus  and  contains 
the  unlikely  condition  that  the  collapse  pressure  is  inversely  proportional  to  the  cylinder  length. 

Less  extensive  experimental  data  but  enlightening  analyses  hove  been  made  available  by  Luscher  and  Whitman  (6,7). 
These  investigations  were  on  one-inch  inside  diam.eter  sand  cylinders,  one-inch  diameter  thin  oluminum  cylinders,  and  a 
concentric  aluminum  sand  cylinder  system.  A  few  cellul<Me  acetate  tubes  also  were  included  in  the  program  Measurements 
in  these  tests  consisted  primarily  of  inside  and  outside  applied  pressures  and  changes  in  volume  of  the  inside  of  the  cylinders. 
Analysis  included  consideration  of  the  limiting  equilibrium  condition  of  o  soil  ring,  buckling  of  a  cylinderical  shell,  approx¬ 
imate  interaction  and  arching  analysis,  mathematical  analysis  of  a  lined  elastic  ring,  and  buckling  of  on  elastically  supported 
ring.  Luscher's  tests  showed  that  for  relatively  incompressible  metal  tubes  very  little  archirrg  wos  present;  however,  for  the 
more  compressible  plastic  tubes  effective  active  arching  was  mobilized  in  the  soil.  In  oddition,  it  was  found  that  the  experi¬ 
mental  data  carrelated  reasaruibly  well  with  the  theory  for  buckling  of  an  elastically  supported  ring.  To  achieve  this  the 
modulus  of  soil  reaction  appearing  in  the  buckling  theory  was  reloted  to  the  geometry  and  material  properties  of  the  soil 
ring.  The  greatest  difficulty  encountered  was  in  defining  the  soil  moduli.  It  was  found  thot  the  critical  tube  flexibilities 
where  the  failure  mode  changes  from  buckling  to  compressive  yielaing  could  be  opproximated,  thus  defining  the  boundory  of 
the  two  modes  of  failure. 

Experimental  and  theoretical  results  have  been  published  by  Watkins  (8,9,10)  showing,  among  other  things,  that  the 
ring  stiffness  of  a  conduit  has  a  minor  influence  on  the  horizontal  deformations  of  a  thin  buried  cylinder. 

Rather  extensive  static  (34)  and  traveling-blast  load  tests  on  burred  tubes  hove  been  performed  at  the  University  of 
New  Mexico,  Kirtland  Air  Force  Base  Shock  Tube  Facility.  The  static  experiments  ore  described  elsewhere  in  this  publication. 

More  limited  experiments  on  cylinders  have  been  cortducted  at  a  number  of  other  institutions  and  ot  the  Nevada  Test 
Site,  including  non-destructive  tests  at  the  Navy  Civil  Engineering  Laborotory.  Certain  of  the  date  from  the  lotter  tests  will 
be  included  as  a  part  of  the  discussion  to  follow. 

Theoretical  Contributions 

To  understand  the  behavior  of  confined  cylinders  it  is  helpful  to  utilize  information  from  the  hydrostotic  theory  in 
addition  to  that  from  the  theory  of  cylinders  in  an  elastic  media.  The  hydrostatic  theory  will  be  a  lower  limit  for  buckling 
should  the  soil  become  saturated.  Both  the  hydrostatic  and  elastic  media  theories  ore  important  in  giving  one  an  appreciation 
of  the  nature  of  the  buckling  problem.  One  of  the  first  theoretical  treatments  of  cylinders  loaded  radially  was  due  to 
Southwell,  (12)  who  showed  that  a  tube  would  deform  into  a  characteristic  number  of  circumferential  waves. 

An  important  recent  contribution  to  hydrostatic  theory  has  been  mode  by  Armenokos  ond  Herrmann  who  reviewed  the 
buckling  problem,  cited  errors  in  the  classical  solutions,  and  from  their  precise  onolysis  developed  simplified  equations  for 
the  buckling  load  (13).  They  have  re-emphasized  that  in  elastic  behavior  a  cylinder  deforms  into  a  characteristic  number 
of  circumferential  waves,  that  the  critical  buckling  pressure  is  a  function  of  the  length  of  o  cylinder,  of  Poisson’s  ratio,  of 
the  ratio  of  longitudinal  to  circumferential  shell  <*ress,  and  of  the  thickness  to  diameter  ratio.  Their  charts  for  determining  the 
number  of  circumferential  waves  will  be  useful  later  in  this  paper  and  ore  included  here  os  Figures  Al  and  A2  of  Appendix  A. 
Plots  of  the  Armenakos-Herrmann  equation  for  the  case  of  zero  initiol  uniform  longitudinal  shell  stress  are  included  as  Figures 
A3  and  A4.  More  complete  plots  are  given  elsewhere  (35).  As  one  would  expect,  the  hydrostatic  buckling  equation  does  not 
agree  with  the  experimentally  determined  load  to  produce  buckling  of  buried  cylinders  os  may  be  seen  in  the  comparison  of 
Figure  I.  The  Armenakas-Herrmonn  equations  are  for  end  conditions  where  the  radiol  and  circumferential  displacements  are 
zero  and  where  the  forces  and  moments  normal  to  the  original  end  planes  are  non-resistant.  In  practice  this  is  achieved  by 
using  deep  thin  annulor  edge  rings.  Langhaar  ond  Bores!  have  presented  solutions,  tables,  and  chorts  for  the  cases  where  the 
ends  are  simply  supported,  rigid,  and  free  to  warp  out  of  their  planes  (28). 

Hetenyi  has  investigated  the  problems  of  an  elasticoHy  supported  arch  and  cylinder.  He  gives  equations  for  deflection, 
moment,  shear,  and  thrust  corresoonding  to  various  boundary  co«rairions  but  not  for  the  critical  buckling  load  (14).  A 
solution  for  the  buckling  load  of  an  elastically  supported  cylinder  subjected  to  hydrostatic  pressure  has  been  obtained  by 
Czerwenkn  (15)  and  others  (38).  (Also  see  the  bibliography  to  reference  38),  A  solution  to  the  same  prob  em  has  been 
derived  by  Luscher  from  the  equations  of  Hetenyi  (14).  In  addition  to  the  solutions  for  the  hydrostatic  field  and  elastic  media 
theories,  other  contributions  containing  pertinent  information  worront  mention. 
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In  a  porticulorly  significant  paper,  Gjelsvik  and  Bodner  showed  that  the  energy  lood  is  a  lower  bound  for  the  snap 
buckling  of  elastic  systems  subject  to  tronsitional  buckling  and  contoining  a  certain  class  of  initial  imperfections  (16).  In 
this  paper  a  srmp-buckling  model  was  developed  and  the  importance  of  two  basic  classes  of  imperfections  were  studied. 

These  imperfections  ore  I)  deviotions  from  straightness  of  the  member  and  2)  changes  in  basic  geometry.  Their  studies  showed 
that  imperfections  in  straightness  of  a  member  reduces  the  upper  buckling  load  but  leaves  the  energy  load  unchanged. 
Gjelsvik  and  Bodner  pointed  out  that  there  ore  strong  indications  thot  the  energy  load  is  a  relotively  insensitive  function  of 
the  buckled  shope. 

In  other  studies,  Anderson  oixi  Bores! ,  (IT)  hove  found  thot  there  is  little  difference  in  the  buckling  load  for  load 
distributions  departing  from  the  uniform  all-around  loading.  This  was  verified  by  Armenakas  and  Herrmann  who  showed 
that  the  difference  in  the  character  of  the  applied  pressure  affects  the  buckling  stress  only  if  the  shell  dimensions  are  con¬ 
ducive  to  buckling  into  a  small  number  of  circumferential  waves,  that  is,  for  relatively  stiff-  or  thick-walled  cylinders. 
Nonetheless,  the  effect  of  change  during  deformation  of  the  magnitude  and  direction  of  the  pressure  must  be  considered, 
at  least  for  hydrostatic  conditions.  Boresi  and  Bodner  hove  shown  thot  the  critical  values  of  the  external  constant- 
directional  pressure  acting  on  o  ring  may  be  one-third  larger  than  the  corresponding  critical  value  of  hydrostatic  pressure 
where  the  direction  and  magnitude  per  unit  of  undeformed  area  depend  on  the  deformation. 

It  remains  to  synthesize  the  reviewed  information  with  some  additiorsal  dato  to  provide  further  undentanding  of  the 
soil -structure  interaction  problem. 

DISCUSSION 

Static  Behavior 


Introduction.  The  discussion  to  follow  is  concerned  with  shallow  buried  cylinders  in  a  cohesionless  soil  field  sub¬ 
jected  to  uniform  static  surface  load.  The  cylinders  are  cortsidered  to  be  thin  with  respect  to  their  radius,  that  is,  the 
diameter  to  thickness  ratio  in  generol  will  be  presumed  to  be  greeter  than  400. 

There  is  a  vast  difference  in  the  compressive  strength  ond  the  moment  resistance  of  thin  wailed  conduits  Obviously, 
a  conduit  is  an  effective  structure  only  if  it  behoves  mainly  os  a  compression  ring.  When  confined  in  soil,  experience  shows 
that  a  cylinder  does  just  that.  As  it  attempts  flexural  deflection,  resistance  is  mobilized  in  the  soil  preventing  collapse. 
Whatever  weokness  the  structure  demonstrates,  the  soil  tends  to  compensate  for  it.  Only  when  excessive  deflection,  gross 
compressive  yielding,  joint  failure,  or  buckling  occurs  does  the  structure  finally  collapse. 


Deflection.  Deflection  of  a  thin-walled  buried  cylinder  subjected  to  a  uniformly  distributed  static  surface  load  is 
characterized  by  I)  body  motion  of  the  structure  with  and  into  the  soil,  2)  flattening  in  the  vertical  direction,  3)  reduction 
of  the  perimeter  due  to  pure  compressive  strain,  and  4)  development  of  circumferentiol  woves.  These  basic  deformations  and 
their  superposed  configurations  are  shown  in  exaggerated  form  in  Figure  2.  The  body  motion  is  the  absolute  vertical  deflection 
of  the  undeformed  cylinder  ond  consists  of  the  dirtonce  ao'.  Figure  2o,  due  to  compaction  of  the  soil  field  and  the 
movement  of  the  cylinder  with  respect  to  the  soil.  Displacement  due  to  compaction  depends  on  the  character  and  depth  of 
soil  to  bedrock  The  relative  displacement  depends  largely  on  the  bedding  beneath  the  cylinder  which  is  exceedingly  influen¬ 
tial  since  it  largely  governs  the  amount  of  arching  that  may  be  developed 

Radial  compressive  deformation  for  metal  cylinders  is  very  small  compared  to  deformations  from  other  causes.  For 
cylinders  tested  at  NCEL,  it  was  found  that  the  radial  compressive  deformotion  wos  less  than  0.01  of  that  from  the  first 
symmetrical  mode  deforrrxation. 

The  first  symmetrical  mode  deformation  or  flattening,  indicated  in  Figure  2c,  is  due  to  compaction  of  the  soil  field 
and  to  difference  in  the  compliance  of  the  cylinder  and  the  soil.  For  design  purposes,  flattening  is  usually  defined  by  the 
horizontal  deflection  from  the  Iowa  Formula. 

Ax  =  Dj^ 

r  =  conduit  radius 
El  =  pipe  stiffness  per  inch  of  length 

E'  =  modulus  of  horizontal  soil  reaction  in  same  units  os  pressure 
D^  =  deflection  lag  factor  (accounts  for  plastic  flow  in  soil  with  time) 

K  =  bedding  constant  (accounts  for  differences  in  compaction  of  soil  beneath  a  conduit) 

W  =  load  on  conduit  per  unit  length 

The  correctness  of  the  form  of  this  equation  is  readily  seen  from  the  theory  of  curved  beams  and  arches  on  elastic  foundo- 
tions  (14)  Selecting  a  deflection  lag  factor  equol  to  I,  for  dry  granular  backfill,  a  bedding  constant  of  0. 10,  and  the  lood 
os  the  surface  pressure,  p,  times  the  pipe  diameter,  D,  times  o  unit  length.  Equation  I  may  be  expresses  in  non-dimensional 

O.lOp 


form 


as; 
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Fig.  2  Deflection  of  Shallow-Buried  Cylinders 


The  bedding  constant  of  0. 10  is  the  recommended  value  for  flat  bottom  trenches  with  backfill  tomped  to  the  horiiontol 
diameter  of  the  culvert;  the  load  condition  assumes  that  the  deed  load  is  negligible  compared  to  the  live  load. 

It  is  instructive  to  apply  the  Iowa  Formula  to  one  of  Bulson's  test  cylinders  for  which  load-deflection  curves  are 
available.  The  data  is  as  follaws:  D-IO  in. ,  t=O.OI5  in. ,  dp=3.75  in. ,  and  E=30  x  10^  psi.  This  dato  is  used  repeatedly 
throughout  the  text  to  exemplify  different  points.  Substituting  in  Equation  2  it  is  found  that: 

Ax  ^  O.lOp 

D  0.0674  +  0.06IE'  (3) 

From  this  equation  it  is  evident  that  the  first  term  in  the  denominator  of  the  right  hand  side,  the  stiffness  term,  is  negligible. 
Clearly,  the  cylinder  stiffness  has  a  negligible  effect  on  the  horizontal  deflection  for  thin-wolled  cylinders.  Equotion  2, 
then,  may  be  used  to  distinguish  or  define  what  constitutes  a  thin-walled  cylinder;  it  is  a  cylinder  whose  stiffness  has  a 
negligible,  say  less  than  two  percent,  effect  on  the  horizontol  deflection.  Applied  load,  diameter,  and  the  modulus  of 
soil  reaction  are  the  parameters  which  govern  the  deflection  Only  for  thick  cylinders  of  relatively  small  radius  of  curva¬ 
ture  would  one  expect  shell  stittness  to  influence  the  deflection  appreciably. 

Equation  3  shows  that  the  deflection  varies  linearly  with  the  surfac<  load.  All  availoble  data  prove  this  to  be  true, 
although  often  there  is  a  departure  f'om  linearity  for  pressures  less  than  10  psi.  Apparently  this  depends  on  the  initial 
condition  of  the  soil  around  the  structure;  for  many  tests,  pressure-deflection  plots  as  o  straight  line  through  zero. 

As  previously  indicated,  a  cylinder  under  hydrostatic  load  is  predisposed  to  buckle  into  a  given  number  of  circum¬ 
ferential  waves  depending  on  Its  ratio  of  thickness  to  rodius  and  length  to  radius.  When  o  cylinder  is  in  o  soil  field, 
experinwnts  indicote  that  it  will  tend  to  deform  in  the  same  number  of  circumferential  waves  as  when  looded  hydrostatically; 
however,  the  wave  shape  is  modified  as  indicated  in  Figure  2b  due  to  boundory  influences.  To  demonstrote,  consider  the 
Bulson  dato  previously  given,  t  =  30  x  I0"^,_i:_  "  2.4;  then  from  Figure  2A,  of  Appendix  A,  n=7.  Thus,  the  angle 
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between  the  ciicumferential  wave  peaks  for  hydrostatic  loading  is  _ ^  =  5I  4  degrees.  The  angle  between  circumferential 
deflection  peaks  in  the  Bulson  experiment  was  about  50  degrees  at  the  sides  and  40  degrees  at  the  bottom.  An  essentially 
identical  comparison  was  found  for  the  cylinders  tested  of  NCEL.  The  sides  buckled  in  the  wove  shape  predicted  by 
hydrostatic  theory,  the  angle  between  wave  peaks  at  the  bottom  was  slightly  less  than  on  the  sides,  and  the  top  took  the  shape 
of  a  pinned  arch  deformed  in  the  first  symmetrical  ncn-extensionol  mode.  With  this  knowledge,  one  may  readily  predict 
almost  exactly  the  deformed  shape  including  the  included  angle  of  the  "arch"  roof  which  for  the  above  data  would  be 
2-1/2  X  51.4  -  128.5  degrees.  Bulson  estimated  the  included  ongle  at  140  degrees.  The  number  af  waves  between  inflection 
points  is  usually  fairly  obvious,  particularly  if  one  p  o  sketch  of  the  circumferential  wave  deformations.  Since  the 

deflected  shape  n  be  predicted,  one  also  knows  in  odvtince  the  shape  of  the  moment  diagram. 

Soil  Moduli.  Determination  of  the  various  soil  moduli  presents  one  of  the  greatest  uncertainties  in  burled  cylinder 
analysis^  This  section  attempts  to  define  the  moduli  of  direct  concern;  as  used  here  they  are; 

1.  Modulus  of  horizontal  soil  reaction,  sometimes  refered  to  slmpl/os  the  modulus  of  soil  reaction,  E', 
in  psi;  as  used  in  the  Iowa  Formula. 

2.  Coefficient  of  horizontal  soil  reaction,  k'  =-^  /  in,lb/in.  /in.;  olternately  used  in  the  Iowa  Formula. 

3.  Modulus  of  vertical  soil  reaction,  also  called  the  modulus  of  foundation  reoction,  Ej,,  in  psi;  used  in  th<' 
transitional  buckling  equation. 

4.  Coefficient  of  vertical  soil  reaction,  k^,  in  lb,/in. ^/in. ;  alternately  used  in  the  transitional  buckling 
equation. 


The  different  moduli  in  different  directions,  of  course,  ore  due  to  the  anisotropic  properties  of  soil.  In  addition  to  the 
above  terms,  it  is  useful  to  utilize  constants  of  horizontal  and  vertical  soil  reaction  as  defined  by  Terzaghi  (36).  Collec¬ 
tively  these  are  referred  to  as  moduli  of  soil  reaction. 

The  modulus  and  coefficient  of  horizontal  soil  reaction  are  constants  unique  to  the  buried  cylinder  system.  They  are 
best  determined  from  measurements  on  thin-walled  cylinders  substituted  back  in  Equation  3.  A  model  conduit  in  any  suitable 
soil  test  tank  should  provide  good  results  for  granular  soils  when  the  depth  of  burial  is  sufficient  to  avoid  undue  error  from 
the  surface  boundary  influences. 

It  is  not  advisable  ta  try  to  determine  the  modulus  of  soil  reaction  from  lateral  plate  bearing  tests  or  other  tests  of 
different  geometry.  Gill  has  found  in  recen,  unpublished  tests  ot  NCEL  that  the  modulus  of  horizontal  soil  reaction  Is  a 
non-linear  function  of  displacement  width  of  loaded  area,  and  surcharge  pressure.  As  is  well  known, the  moduli  of  soil 
reaction  depend  on  the  geometry,  the  physical  properties  of  the  underlying  medium,  the  rigidity  of  the  structure,  and  the 
position,  direction,  and  configuration  of  the  displacement.  In  view  of  this  dependency,  the  odds  are  against  correct 
determination  of  the  modulus  of  horizontal  soil  reaction  on  any  but  a  model  of  the  actual  system.  Even  the  model  approach 
may  not  suffice  for  cohesive  soils  where  modeling  is  more  difficult.  Apparently,  for  the  shallow  buried  cylinder  in  non- 
cohesivc  soils,  the  effective  plate  width  decreases  with  increasing  load  resulting  in  a  straight  line  load-inflection  diagram 
and  a  constant  modulus  of  horizontal  soil  reaction  The  modulus,  however,  will  vary  with  depth. 

The  modulus  and  coefficient  of  vertical  soil  reaction  are  linearly  related.  An  equation  between  the  two  can  be 
found  by  comparing  the  derivations  for  the  critical  elostic  buckling  pressure  olterrxjtely  employing  these  moduli  A 
derivation  by  Luscher  (6)  gives  the  critical  pressure  as: 


where  E^  =  modulus  of  vertical  soil  reaction 
El  =  stiffness  of  cylinder  wall 

r  =  radius  of  cylinder 

A  derivation  by  Link  (38)  results  in  the  expression;  3  ,4 

2  1  ^z"^ 

■n  ~  ~  — 5 -  T*!”  (5) 

(4n  -I) 

where  P|  =  load  which  produces  pure  compression  of  cylinder 
2n  =  number  of  circumferential  waves 
k^  -  coefficient  of  vertical  soi I  reaction 


A  lower  bound  to  Equation  5  of  sufficient  accuracy  for  proctical  purposes  for  n  greoter  than  3  is 


(5a) 
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Comparing  these  two  equations  it  is  evident  that;  (6) 

r 

A  similar  relation  would  be  expected  to  hold  for  the  modulus  and  coefficient  of  horizontal  soil  reoction  as  d  ..  .y 
Watkins  (10)  in  his  dimensional  analysis.  Other  than  for  model  tests,  adequate  means  for  evaluating  the  modulus  of  horizontal 
soil  reaction  for  a  cylinder  have  not  been  developed  although  Luscher  and  Meyerhof  have  made  contributions  toward  this  end. 
Luscher  has  developed  relations  between  the  modulus  of  soil  reaction  and  the  modulus  of  elasticity*  of  an  elastic  soil  of  uniform 
thickness  surrounding  an  elastic  cylinder.  He  also  has  given  a  relation  from  the  theory  of  elasticity  between  the  modulus  of 
elasticity  of  an  idealized  soil  and  the  one-dimensional  compression  modulus. 

Meyerhof  hos  presented  approximate  relations  between  the  modulus  of  horizontal  soil  reaction,  the  coefficient  of 
soil  reaction,  ond  constants  of  soil  reaction  for  clays  and  sands.  These  relations  are  valuable  as  a  guide  where  it  is  economically 
unfeasible  to  perform  a  model  test. 

No  sound  direct  method  for  finding  the  modulus  of  vertical  soil  reaction  has  been  evolved  os  yet.  Considering  the 
lower  one-half  of  a  buried  cylinder  as  a  free  body,  one  can  observe  that  in  its  tendency  to  body  motion  it  acts  much  as  a 
hearing  plate>  In  this  case,  the  change  in  effective  plate  width  with  increase  in  load  is  small  Consequently,  it  might  be 
expected  that  the  modulus  of  vertical  soil  reaction  might  be  determined  from  bearing  tests  with  surcharge  pressure  on  a  semi- 
cylindrical  bottomed  plate. 

White  has  found  in  unpublished  tests  on  15-inch  circular  plates  on  dry  NCEL  sand  that  the  static  coefficient  of 
foundation  reaction  is  an  exponential  function  of  the  surface  surcharge  pressure.  Contrarily,  buried  cylinder  tests  at  NCEL 
show  that  the  absolute  vertical  deflection  increases  linearly  with  applied  surface  load  which  would  indicate  that  the 
coefficient  of  vertical  soil  reaction  is  a  corjstant.  Obviously,  further  investigation  of  the  modulus  of  vertical  soil  reaction 
is  badly  needed. 

Thrust  and  Moment.  Typical  plots  of  deflection,  thrust,  and  moment  from  NCEL  static  experiments  on  buried  cylin¬ 
ders  are  given  In  Figures  3,  4,  and  5.  These  plots  are  for  uniform  surface  loading.  Except  near  the  top  and  bottom  the 
distribution  of  thrust  is  nearly  uniform.  Significantly,  the  thrust  is  smallest  and  the  moment  is  largest  at  the  bottom  of  the 
cylinder.  Magnitude  of  the  induced  moments  would  be  expected  to  be  very  sensitive  to  the  backfill  plocement.  At  the 
top,  the  boundary  influences  come  Into  play  resulting  in  thrust  and  moment  distributions  much  the  same  as  in  the  similar 
-egion  of  a  buried  arch  (19). 

Arching.  In  tests  of  buried  arches  it  has  been  found  that  a  large  portion  of  the  surface  load  is  carried  through 
arching  in  the  soil  and  that  the  extent  to  which  arching  is  developed  depends  on  the  relative  motions  between  the  structure 
and  the  adjacent  free  field  soil  (19).  The  relative  displacement  in  the  case  of  the  arch  depends  primarily  upon  the  footing 
width  and  It  is  significant  that  relatively  small  footing  widths  are  required  to  permit  activotion  of  appreciable  arching.  The 
theoretical  development  of  Luscher  tends  to  confirm  the  finding:  he  found  that  in  on  annulor  soil-cylinder  system,  deforma¬ 
tions  of  3  to  7  percent  of  the  inside  radius  are  required  to  develop  full  orching  (6).  In  concentric  oluminum  tube-sand  systems 
Luscher  found  that  there  was  little  arching,  but  for  plastic  tube-sand  systems,  some  octive  arching  was  experienced.  In  tests 
at  NCEL,  the  thrust  due  to  to  ring  compression,  calculated  on  the  assumption  that  the  interface  pressure  wos  equal  to  the 
surface  pressure,  agreed  with  the  measured  thrust  at  the  sides  Thus,  none  of  the  surface  load  was  token  by  the  soil  in 
arching  Indications  are,  then,  that  for  shallow  buried  steel  ond  aluminum  tubes  in  o  uniform  soil  field,  the  net  arching  will 
be  negligible. 

Arching  con  be  achieved  by  controlling  the  compressibility  of  the  bedding  beneoth  the  cylinder  or  by  designing  the 
cylinder  with  joints  which  slip  under  surface  load  The  result  will  be  development  of  orching  much  os  in  the  cose  of  a  buried 
orch  (19)  For  stiffer  structures.  Mason  has  shown  that  passive  arching  may  occur  which  moy  greatly  increose  the  load  on  a 
buried  structure  (31).  Obviously,  the  bedding  stiffness  should  be  controlled  to  avoid  such  o  situotion 

Understanding  of  the  arching  phenomenon  is  greatly  enhanced  by  studying  the  elementory  two-dimensionu!  trap-door 
system  of  Figure  6  and  assuming  thot  the  sheoi"  stress-strain  diagram  is  elosto-plostic  os  indicaied  in  Figure  7.  With  this 
system  one  moy  obtain  a  first  approximation  for  I)  the  depth  of  cover  required  for  all  of  the  lood  to  bs  corried  by  soil  orching, 

2)  the  maximum  percentage  of  the  surface  load  which  con  be  carried  for  any  lesser  depth,  and  3)  the  deformation  required  to 
develop  the  maximum  possible  arching 

For  this  purpose  orching  is  defined  os  the  total  shear  developed  on  the  sides  of  the  rectongulor  prism.  A,  Figure  6, 
that  is,  the  amount  of  the  surface  load  on  A  that  is  transferred  to  the  odjocent  soil  mass 

If  the  trap  door  in  Figure  6  is  displaced  sufficiently,  foilure  plones  will  develop  in  the  soil  moss.  These  moy  be 
assumed  os  vertical  plones  through  the  edges  of  the  trap  door  Vertical  equilibrium  of  the  prism  A  require*  thot; 

(p-p^)D+  yDH  =  2rfH  (7) 

*  The  ratio  of  the  change  in  deviotor  stress  and  the  corresponding  chonge  in  linear  stroin  of  unoltered 
confining  pressure  in  o  trial  shear  test. 
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Fig.  3  Peak  Cylinder  Deflection  at  25  psi 


where  p 

PH 

D 


V 


=  surface  pressure 

=  averoge  pressure  on  the  trap  door 

=  width  of  trap  door 

=  foiluie  shear  stress 

=  density  of  soil 

=  depth  of  soi  I  over  trap  door 


at  failure  f  “  Tf  =  c  ♦  k^  O’y  ton  ^  (8) 

where  c  =  coefficient  of  soil  cohesion 

k  =  ^  n  =  ot  rest  coefficient  of  eorfh  pressure 

vertical  soil  streu  ot  a  point  in  the  soil  mass 
=  horii’ontal  soil  stress  at  the  some  point 
^  =  angle  of  friction  of  soil 

For  shollow  buried  s^uctures  subjected  to  uniform  surfoce  pressures,  one  may  toke  This  relotion  ond  Equation  8 

with  the  condition  pf^,  the  failure  lood,  substituted  in  equation  7  gives  the  depth  for  incipient  sheer  foilure  as 


I  -  ph 
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Fig.  4  Thrust  Diagram 


The  depth  of  cover,  H,  required  for  oil  of  the  surfoce  lood  obove  the  Vop  door  to  be  corried  by  orching  is  found  by  setting 
the  overage  pressure  on  the  trap  door,  p^,  to  zero.  If  this  is  done  and  one  utilizes  the  hrsowledge  thot  k^ton  ^is  approx> 
imotely  0 . 3  for  most  oil  granular  soils,  then,  for  p  >>  2c  -  y  D, 

H  1.67  D  (9o) 

Equation  9  also  may  be  eitpretsed  in  the  form 

Po  *  j 

where  p  =  percent  of  the  surface  load  carried  by  orchirsg 
0 

Applying  the  conditiorss  orsd  approx imotiorts  imposed  on  Equation  9.  Equotion  10  reduces  to 

p  =  60  ”  ;  p  5  100  (11) 

0  Do 

The  trop-door  deflection,  d^  required  to  develop  the  maximum  possible  orchirsg  for  o  given  H/  0  '*  by  tubititutirsg 

the  streu-stroin  corsdition  ot  incipient  sheer  failure,  r  ^  =  tjG  in  Eqsratiors  7  oisd  rsotirsg  thot  df  *  4^,  whersce. 
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Fig.  5  Momtnt  Diagram 
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dimontionol  ^toor  t*tH 

A  mor*  rvflnod  ortolyricol  opprooch  to  th«  trap-door  problom  thon  tht  proc*«ding  hoi  be«n  d*v«top*d  by  Finn  (70). 
for  tho  coi*  of  on  otoitic  medio  cf  infinite  depth  Thii  work  hoi  been  eatended  by  t  helopoti  ot  NCEL  to  o  finite  depth 
of  cover  with  o  lurfoce  pmiure  (37) 

Whether  the  trap  ooor  o*  Figure  6  U  itroight  or  curved  rnokei  little  difference  •••  the  preceeding  onolyiii  providing 
it  doei  not  d#flo<t  Oi  o  plote  hut,  the  relotiorw  hold  for  o  buried  orch  or  cylinder  For  o  cylinder;  H  =  r  •  d^  (15^ 
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wh#re  r  =  rodiut  cylinder 

d  =  depth  o  cover  over  crown 
o 


If  :»  interetting  to  conpore  re»ulf»  horn  the  preceeding  eqwotiocs  with  doto  from  tettt  perfo  med  ot  NCEL 

In  the  previously  cited  itotic  tests  on  thin  metol  buried  orches,  it  wos  found  thot  the  percent  pf  the  suffoce  loci 
corri  ed  b  y  oichirsg  depended  upon  the  footirsg  width  but  .'or  o  given  width  w/os  essentially  constont  in  the  pressure  rorsge  of 
3  psi  to  25  psi  (191  Geometric  porometers  ‘or  these  arches  were  i  *  15  in  ,  d^  =  6  in  ,  t  -  shell  thickness  *  0  0428  in  , 
h  =  footirtg  depth  =  i  8  iri  b  footing  width  12  inches  From  Equation  10; 


-  46  percent 


The  esperimentolly  determirsed  volue  for  the  I  2  in  footirtg  width  wot  iO  percent  ond  for  o  2  4  In  footing  width  wos  40 
percent  These  volues  ore  iorger  thon  those  predicted  by  the  above  vgsrotlon  probobly  becouse  the  deflections  of  *he  thin 
rr'etol  orches  perrnitted  development  of  possive  pressures  which  re<  jced  the  thrust  thot  would  otherwise  hqve  occurred  ot 
the  spring  tine  Unforturtotely  this  is  the  best  o^'to  thot  is  presently  gvoitoble  for  comporison  with  Equotion  10;  tt  does 
irtdicote  tfyjt  the  theory  '*  o  eosortobte  first  appro*  •  mo  liars  for  dsoHow  buried  structures 

Pfeswmobly  the  pressure.  6.  ‘o  develop  the  sheer  in  the  soil  of  the  orch  tests  wos  3  osi  since  the  percent  qrchlrsg 
wos  cc«nsfonf  rji  Iorger  pressi.  res  Thus,  the  deforrtsotion  required  to  develop  the  sheer  is  from  Eqsrofion  12: 


fn  -  -»  1 

^  *  TTTTTJ  J 


22  6 
18W 


where 


G  =  3890  psi 


The  deformotion  relative  to  the  free  field  required  to  develop  the  maximum  possible  orching  ot  100  psi  overpressure  is  c 
sixeoble  0  28  inches  The  deHei-'ion  of  the  I  2  inch  footirsgs  relotive  t©  the  free  field  for  the  first  ioodirsg  to 3  psi  wos 
0  022  inct»r»  whic*'  w,,t  ompl*  to  develop  the  moximum  passible  orchirsg 
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Fora  shallow  bujfied  cylinder  in  a  uniform  soil  field,  the  maximum  possible  relative  deflection  of  the  horiiontal 
center-line  with  respect  io  .  point  rjt  the  seme  originol  elevation  in  the  free  field  will  be: 

Axj.  ^  Ax  „  i.64  p  (16) 

—  — ' 

At  3  psi  lood,  the  value  of  x  in  the  24-'nch  diameter  cylinders  tested  at  NCEL  was  0.00C5  inches  for  the  firs^  loading 
while  the  necessary  deflection  to  develop  full  arching  was  0.010  inches. 

Prom  the  preceeding  discussion  and  equation  it  would  seem  that  the  buried  arch  with  strip  footings  is  inherent!) 
superior  to  the  buried  cylinder  for  resisling  large  s'oric  loads  since  the  arch  is  capable  of  undergoing  sufficiently  lorge 
deformations  which  increase  with  applied  load  to  permit  transfer  of  a  large  portion  of  the  surface  load  to  the  soil  in  arching. 

As  normally  built,  buried  cylinders  Oo  not  have  copabliity,  however,  through  use  of  proper  bedding  and  slip  joints  they 
con  be  designed  to  have  similor  capobi I ir-cs  to  ‘he  buried  arch,  thus,  greatly  increasing  their  failure  load.  Even  if  this  is 
not  done  and  a  local  failure  develops,  arching  will  immediately  develop  in  the  soil. 

Failure  Modes.  From  the  p.  evious  arwsiysis  of  he  buried  cylinder  problem,  it  is  evident  that  there  ore  several  modes 
of  failure  includ’ng  l)  joint  failure,  2)  compression  fail'  •  of  t'-  shell  wall,  3)  excessive  deflection  of  the  cylinder  relative 
to  the  free  field,  ar>d  4)  buckling  JoitP  fail"'e  and  compression  failure  of  the  wail  ore  relatively  eosy  to  design  against. 
Further,  excessive  deflection  relative  to  the  '  ce  field  is  seldom  o  problem  in  buried  cylinders  os  if  is  with  buried  arches, 

With  buried  cylinders,  buckling  is  the  least  understood  of  the  possible  modes  of  failure,  os  such,  it  is  of  do.Tiinant  concern. 
Buckling  of  shallow  buried  cylinders  appears  to  be  a  phenomerron  of  two's:  there  are  two  basic  methods  of  analysis,  two 
fundamental  types  of  Uickiing,  and  two  chorocteristic  modes  of  buckling  failure.  These  are: 

1.  Methods  of  analysis 

a .  C lasiical  method 

b.  Energy  load 

2.  Types 

Q.  Elastic  buckling 

b.  Plastic  buckling 

3.  Modes  of  buckling 

0.  Roof  caving 

b.  Locol  srsop  buckli''g 

The  transitional  and  caving  modes  '  buckling  ore  illustrated  in  Figures  8  and  9. 

Classical  and  Energy  ,  ^cklit'g  Loads.  Fung  and  Kaplan  have  observed,  "Both  the  clossicol  and  the  energy  criteria 
hove  been  applied  to  curv'd  beams  and  shells .  To  some  coses,  the  classical  criterion  gives  be'‘er  results.  The  reason,  os 
pointed  out  by  Tsien,  is  t  in  some  coses  the  energy  "hump"  between  two  equilibrium  state?,  (one  buckled  ond  one  unbuckled) 
c‘  the  some  energy  level  is  lorge  ond  in  other  cases  if  is  stixsll.  If  *Se  hump  is  small,  the  ever  present  small  disturbances  will 
enable  the  structure  to  jump  from  the  unbuckled  state  to  the  more  stable  buckled  state.  Otherwise  this  jump  will  not  be 
incurred  The  cr-v’clai  decision  of  the  proper  criterion  depends  much  on  whot  one  means  by  a  "practical"  experimental  setup 
ur  o  "practiccl"  service  condition  of  the  structure."  (2!)  Fung  ond  Kaplan  performed  experiments  and  calculations  for  a 
sinoso-doi  arch  wherein  the  stress  at  buckling  was  well  below  the  yield  stress  of  the  material.  The  essence  of  their  work  is 
contolnsd  in  Figure  !0  where  it  may  be  noted  that  the  experimental  results  agree  with  the  classical  solution  for  the  larger 
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Fig.  10  Theoretical  and  Experimental  Results  for  Shallow  Arch.  Reproduced  from  NACA,  TN-2840, 


values  of  \  ]  but  are  better  defined  by  the  energy  load  at  smoller  volues  of  A  ] .  The  porometer  A]  is  defined  os 

aL  /~A  ’ 

^  1  =  "T  y  7  (IT) 

a  =  riseoforch 

L  -  span 

A  =  area  of  longitudinal  section  per  unit  length 

I  =  moment  of  inertio  of  longitudinal  section  per  unit  length 
The  envelope  and  the  scatter  of  the  experimentol  data  of  Figure  10  are  of  particulor  interest  especially  considering  thot 
all  of  the  failures  resulted  from  elastic  and  not  plastic  buckling.  The  data  of  Figure  10  illustrotes  that  the  buckling  load 
connot  be  defined  with  great  precision,  tliat  is,  there  will  always  be  consideroble  scatter  of  experimental  results.  It  is 
also  evident  that  the  most  suitable  method  of  analysis  of  the  buckling  problem  depends  on  the  geometry  and  the  range  of 
stiffness  of  the  structure.  Fung  ond  Kaplan  have  shown  that  very  similar  results  to  that  of  Figure  10  hold  for  the  circular 
arch. 

The  preceeding  information  on  arches  is  pertinent  to  the  buried  cylinder  problem  since  the  lobe  consisting  of  one- 
half  of  a  circumferential  wave  at  the  bottom  may  be  considered  os  a  shoMow  orch  hinged  ot  the  inflection  points.  One 
finds  difficulty  in  determining  the  snap  buckling  load  of  this  small  arch,  however,  because  I)  the  arch  rise  corresponding 
to  a  given  thru*t  is  unknown  and  2)  the  distance  between  the  inflection  point  changes  with  applied  load. 

For  the  Bulson  cylinder  the  values  of  A  ^  may  be  computed  based  upon  the  measured  rise  of  a  lobe  at  different 
applied  loads  and  for  the  rise  of  a  segment  of  the  undeformed  cylinder  with  the  some  included  ongle.  Doing  this,  it  is 
found  that  A]  is  in  the  range  where  the  class  meory  gives  good  results.  In  any  given  case,  computing  At  based  on 
the  uii  ^formed  geometry  ond  the  included  angle  corresponding  to  the  wave  shope  for  hydrostatic  looding  should  provide 
on  indication  as  to  whether  the  energy  load  or  classical  method  should  be  employed  to  define  the  buckling  load. 

To  simplify  the  discussion  of  the  buckling  phenomenon,  it  will  first  be  assumed  that  the  cylinder  is  in  a  uniform 
soil  field  ond  that  the  buckling  is  elastic.  Under  these  conditions,  as  has  been  shown,  there  will  be  no  net  arching  across 
the  structure  though  there  will  undoubtedly  be  local  oreas  of  active  and  passive  pressure.  For  uniform  soil  conditions,  and 
shallow  burial,  tests  show  that  the  pressure  on  the  cylinder  is  essentially  equal  to  the  surfoce  pressure.  This  is  readily 
demonstrated  from  the  thrust  distribution.  Figure  4,  for  the  NCEL  test  cylinders.  It  may  be  observed  that  the  thrust  at  the 
sides  is  very  nearly  equal  to  the  pressure  times  the  radius  for  any  given  looding.  Thus,  the  average  loading  moy  be  con¬ 
sidered  as  a  uniform  all-around  pressure  equal  in  magnitude  to  the  surface  pressure. 
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Elastic  Sr.ap  Buckling.  Knowing  the  loading,  one  may  pioceed  to  consider  the  buckling  load.  Let  us  lirst  dis¬ 
cuss  sriop  buckling  m  a  lobe  of  one  of  the  waves  at  or  near  the  bottom  of  the  cylinder.  As  previously  pointed  out,  if  one 
exomines  the  deflection  dato  from  tests  it  is  found  that  the  period  of  the  circumferentiol  waves  at  the  sides,  and  to  a  lesser 
apcurocy  near  the  bottom,  is  that  predicted  by  the  hydrostatic  theory.  The  buckling  lood  computed  from  the  hydrostatic 
theory,  however,  is  much  less  than  the  experimental  buckling  lood  os  Indicated  in  Figure  I. 

Conversely,  the  buckling  load  from  the  thecy  for  an  elastically  supported  cylinder.  Equation  4,  is  usually  con¬ 
siderably  larger  than  the  actual  buckling  load.  Such  calculations  must,  of  course,  be  based  on  appropriate  values  of  the 
modulus  of  vertical  soil  reaction.  Bulson's  cylinder,  which  were  relatively  thin  also  showed  this  tendency;  buckling  was 
clearly  inelastic.  The  theoretical  elr^stic  buckling  load  for  the  previously  employed  Bulson  cylinder  was  about  68  psi 
while  the  experimental  buckling  load  averaged  46  psi  for  a  wall  of  40,000  psi  yield  steel. 

Inelastic  Transitional  Buckling.  Most  buried  cylinders,  particularly  those  with  the  relatively  thick  walls  required 
in  blast  resisfont  design,  can  be  expected  to  foil  by  inelastic  buckling  if  they  buckle  at  all.  Meyerhof  hc^  yiven  cn 
approximate  'elation  for  the  stress  ot  incipient  transitional  buckiing  as; 


stress  at  incipient  buckling 
yield  stress  of  shell  material 
stiffness  of  cylinder  per  in.  of  length 
Poisson's  rotio 

area  of  unit  length  of  cross  section  of  well 
wall  thickness  A/1  for  a  rectangular  section 
coefficient  of  verticol  soil  reaction 

For  a  uniform  soil  field  where  the  net  arching  is  zero,  the  theoretical  surface  lood  to  produce  snap  buckling  for  a 
cylinder  with  a  rectangular  section  and  negligible  induced  moments  is: 

t  CTl 

Per  --  (19) 

Meyerhof's  theory  is  based  on  the  clossicol  theory  of  buckling  of  flat  plates  and,  hence,  cannot  be  expected  to  be  uni- 
vereally  opplicable  and  accurate  in  predicting  failure  loads.  Indeed,  experiments  have  shown  that  considerable  yielding 
can  occur  prior  to  buckling  collapse  in  thicker  walled  cylinders  (34). 

Elastic  Coving.  In  certain  instances,  especially  if  the  cover  is  very  shallow,  failure  in  the  caving  mode  is  a 
distinct  possibility.  leasts  performed  at  the  University  of  New  Mexico  Air  Force  Shock  Tube  Facility  showed  consistent 
collapse  in  the  caving  mode  under  static  looding  for  8-inch  diometer  cylinders  with  one-inch  of  sand  cover  over  the 
cro'.v'i  (34). 

Prediction  of  the  caving  load  is  focilitated  by  the  observation  that  the  upper  portion  of  the  cylinder  deflects  in 
the  first  non-ex  tens  i  one  I  symmetrical  mode  of  a  two  hinged  orch.  Determination  of  the  included  angle  of  the  "hinges" 
was  previausly  discussed.  Further,  from  Figure  5  it  may  be  noted  that  the  moments  in  the  upper  portion  of  the  cylinder  are 
much  less  than  at  the  bottom.  Because  of  this,  buckling  of  the  "arch"  is  much  more  likely  to  be  elastic  than  for  buckling 
of  a  bottom  lobe . 

One  might  question  why  the  upper  portion  of  a  shallow  buried  cylinder  deforms  in  the  shape  of  the  first  non- 
extensional  symmetricol  mode  of  a  hinged  arch?  The  reason  becomes  evident  if  it  is  recognized  that  since  the  bending 
resistance  of  a  thin-walled  cylinder  is  small,  it  will  deform  os  required  to  develop  o  nearly  uniform  radial  looding  on  the 
extrados.  Obviously,  this  can  never  be  completely  achieved  because  of  the  presence  of  the  surfoce  boundary  and  the 
development  of  circumferential  waves.  A  detailed  study  of  the  oction  of  successive  soil  elements  shows  that  the  presence 
of  the  surfoce  boundary  alters  the  circumferential  woves  neor  the  top  of  the  cylinder  and  forces  deformation  in  three  holf 
waves  as  illustrated  in  Figures  2b  and  2d  (35). 

The  elastic  caving  load  may  be  estimated  from  Equotion  5  if  the  term  4n^  is  replaced  by  (2niry(x)^,  where  ft 
is  one-half  the  included  angle  of  the  "arch"  (38).  One  must,  however,  modify  this  equation  to  account  for  the  presence 
of  the  surface  boundary.  Test  lesults  provide  evidence  thot  the  failure  load  is  very  sensitive  to  the  depth  of  cover  up  to 
a  certain  minimum  value  but  that  above  this  transitional  volue  the  depth  of  cover  has  little  influence  on  the  coving  lood. 
Indications  are  that  the  transition  depth  may  be  as  small  as  one  eighth  of  the  radios  depending  on  the  wall  stiffness. 


where  = 
(7^  . 

V  = 

A 

t  = 
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alfhough,  insufficient  experimental  dota  is  avoilable  to  be  certain.  A  study  of  Equation  5  reveals  that  for  small  El  arches 
with  n  =  3,  the  first  term  on  !he  right  is  small  compared  with  the  second  term,  thus,  the  caving  load  is  primarily  dependent 
upon  kj,  the  coefficient  of  soil  reaction.  Actually,  tlte  great  reduction  in  the  modulus  of  soil  reaction  ot  very  shollow 
depths  of  cover  is  not  of  much  proctical  significance  since  depths  of  cover  larger  than  the  transitional  depth  will  usually  be 
required  for  radiation  protection.  In  other  words,  with  sufficient  cover  to  provide  radiation  shielding,  caving  will  not 
usually  be  the  critical  failure  mode. 

For  the  Bulson  cylinder,  assuming  the  upper  portion  to  act  as  a  three  hinged  arch,  the  elastic  caving  load  is  com¬ 
puted  from  Equation  5  as  93  psi.  This,  then,  is  definitely  not  a  critical  load  for  the  cylinder  considered,  although,  the 
inelastic  caving  load  may  be. 

Inelastic  Caving.  No  method  is  available  as  yet  for  defining  the  inelostic  caving  load.  The  only  known  criteria 
for  this  is  that  caving  probably  will  not  occur  for  practical  depths  of  burial  until  the  horizontal  deflection  reaches  15  percent 
of  the  original  diameter.  Such  large  deflections  are  readily  avoided  by  proper  backfill.  Further,  inelastic  caving  is  not 
expected  undei  blast  iouding. 

One  should  be  careful  not  to  overlook  the  possibility  of  pore  compression  failure,  especially  under  dynamic 

looding. 

DYNAMIC  RESPONSE 


Little  is  known  about  the  dynamic  response  of  buried  cylinders,  however,  date  has  been  obtained  in  tests  at  NCEL 
and  the  University  of  New  Mexico  that  give  important  clues  regarding  behavior.  The  NCEL  tests  show  that  for  uniformly 
distributed  surface  loading  ])  the  crown  end  side  deflection  under  dynamic  loading  is  twice  the  value  from  static  loading, 
and  2)  the  bottom  displacement  is  essentially  the  some  for  the  two  load  conditions.  Another  interesting  observation  from 
the  static  tests  was  that  the  absolute  deflection  of  the  bottom  of  the  cylinder  equalled  twice  the  magnitude  of  the  deflec¬ 
tion  of  the  crown  with  respect  to  the  bottom.  These  values  were  about  equal  for  dynamic  loading.  Further  observations 
from  the  NCEL  tests  were  1)  that  the  peak  thrusts  were  about  0.98  pr  and  1 . 13  pr  respectively  for  static  and  blast  loads  of 
the  same  magnitude,  and  2)  the  maximum  moment  at  the  crown  under  blast  loading  was  1 .5  times  the  corresponding  static 
moment.  Strongely  enough,  the  moment  at  the  bottom  was  less  for  the  dynomic  loading  than  for  the  static  loading. 

The  test  data  leads  one  to  suspect  that  the  soil  field  deforms  essentially  the  same  under  stotic  ond  blast  loading 
but  that  the  structure  and  its  cover  behave  differently.  This  difference  is  primarily  associated  with  the  upper  portion  of 
the  cylinder  and  is  attributable  to  the  presence  of  the  surface  boundary.  Nearness  to  this  boundary  assures  that  the  energy 
absorption  and  dispersion  are  negligible  quantifies,  therefore,  the  surface  pressure  moy  be  used  in  investigating  the  re¬ 
sponse  of  shallow-buried  cylinders. 

Comprehension  of  the  nature  of  response  is  aided  by  recognizing  that  the  soil  mass  near  the  crown,  in  effect,  is 
resting  on  a  spring  composed  of  the  cylinder  and  its  supporting  soil.  See  Figure  II.  As  with  any  spring-mass  system 
subjected  to  a  long-duration  blast  load,  the  maximum  deflection  will  be  twice  the  static  value.  This  is  true  regordless 
of  what  one  chooses  as  the  effective  soil  mass  because  the  moss  will  only  offect  the  time  to  maximum  displacement,  not 
the  magnitude  of  the  maximum  displacement.  The  analogy  of  Figure  1 1  is  useful  in  that  it  permits  the  application  of  the 
knowledge  gained  about  the  spring-mass  system  to  prediction  and  interpretotion  of  the  behovior  of  shollow  buried 
cylinders  (35). 

The  model  of  Figure  1  Ib  and  response  charts  (22)  developed  for  the  single-degree-of-freedom  system  ore  valuable 
aids  to  ones  judgement  in  predicting  the  influence  of  various  parameters,  including  the  natural  period,  on  the  motion  of 
the  crown.  The  natural  period  of  an  actual  installation  may  be  calculated  if  reasonable  values  for  the  cylinder  ond 
foundation  stiffness  can  be  found.  One  might  also  p(t)  |P(f) 

scale  up  the  period  from  the  known  period  of  a  1  1  1  1  1  I 

model.  Detonation  of  a  small  charge  over  the  sur-  — -  moss  of  p  .  ^  ^ 

face  of  the  NCEL  test  cylinders  resulted  in  a  period  I  I  soil  cover _ _  | 

of  larger  cylinders  in  field  installations  also  is  i  .-J  — p 

ovailable  (23).  cylinder  <**0  ^ 

Aport  from  analysis  by  the  spring-mass  /  ^  stiffness  ^  cyl.  moti 

analogy,  more  sophisticated  dynamic  onalyses  have  /  ^ 

been  developed  for  elastic  and  acoustic  medio  (24,  I  ^1  foundotion 

25,  26).  No  success  has  been  ochieved  as  yet,  how-  \  j  stiffrtess  * 

ever,  in  getting  such  theories  to  predict  the  motion  \  y 

much  less  the  failure  modi  and  load. 

Photoelastic  studies  have  been  made  of 

plates  loaded  with  a  traveling  wove  on  one  edge  Soil-Cylinder  System  Model 

which  contoined  lined  and  unlined  holes  (27).  The 

extent  of  the  applicability  of  such  tests  to  soil-  Fig.  11  Model  of  Soil-Cylinder  Syitem 
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structure  system  is  unknown,  but  at  the  least,  the  resulting  visuol  presentation  of  results  aides  ones' understanding  for  elastic 
systems.  Photoelastic  studies  indicate  that  there  is  very  little  stress  magnification  due  to  dynamic  loading. 

From  the  information  reviewed,  it  is  evident  thot  for  plane  wave  loading: 

1  .  Deflection  of  the  sides  and  crown  con  be  predicted  from  the  spring-mass  analogy.  For  long-duration 
loads,  these  deflections,  and  presumably  the  corresponding  moments,  will  be  about  twice  the  static 
values . 

2.  The  moments  elsewhere  will  be  about  equal  to  the  static  values. 

3.  The  peak  thrust  may  be  token  as  15  percent  greeter  and,  consequently,  the  buckling  load  an  equal 
percent  less  than  for  static  conditions. 

It  is  expected  that  the  caving  load  would  be  considerably  greater  under  o  rapidly  decaying  dynamic  load  than 
under  static  loading  while  the  tronsitionol  buckling  load  would  be  about  the  same  in  either  case.  The  reason  is  the  de¬ 
formation  of  the  crown  and  sides  requires  considerable  time  and  a  short-duration  load  may  decay  to  a  non-critical  value 
before  the  collapse  deflection  is  reached.  The  thrust  to  produce  transitional  buckling,  in  contrast,  develbps  very  rapidly. 

The  influence  of  a  traveling  wave  loading  on  response  is  not  definitely  known  at  the  present  time,  although,  the 
collopse  pressure  for  this  type  of  loading  is  not  expected  to  be  oppreciably  different  from  that  for  plane  wave  loading. 

Using  the  proceeding  guides  it  should  be  possible  to  achieve  a  reasonably  good  design  for  a  blast  resistant  cylin- 
dericol  shelter,  especially  if  one  takes  care  to  provide  an  adequote  foctor  of  safety  against  buckling  failure.  Core  also 
must  be  exercised  to  avoid  "lock  ng  in"  large  deformations  and  stresses  during  backfilling  that  will  be  subsequently 
magnified  by  blast  loading. 

Other  Considerations 

Throughout  the  text,  the  buried  cylinder  problem  has  been  treated  as  two  dimensiorKil  when,  in  actuality,  there 
will  always  be  stresses  due  to  a  finite  length  and  end  wolls.  For  the  case  of  hydrostatic  loading,  the  influence  of  length 
effects  and  of  longitudinal  compression  rrtoy  be  seen  in  the  charts  of  Appendix  A.  In  the  case  of  an  elastically  supported, 
or  soil  supported,  cylinder  these  effects  are  nat  well  defined,  however,  it  can  reasonably  be  surmised  that  length  effects 
are  less  important  than  for  hydrostatic  conditions.  In  tests  of  1 .6-inch  diameter  soil-surrounded  tubes  Luscher  found  that 
changing  the  length  from  10  inches  to  6  inches  produced  no  chonge  in  behavior.  From  tests  of  thin-woll  buried  arches,  it 
is  known  that  the  end  wall  effects  dissipate  in  a  length  approximotely  equal  to  the  rodius.  While  rso  such  information  is 
available  for  thin-wall  cylinders,  such  information  is  available  for  thicker  woll  cylinders  with  sphericol  end  walls  (29). 
Urrquestionably,  more  theoretical  and  experimentol  work  is  needed  to  define  the  effects  of  length,  end  walls,  ond  longi¬ 
tudinal  stresses. 

There  ore,  of  course,  numerous  secondary  aspects  of  the  buried  cylinder  problem  which  eventuolly  should  be 
considered.  Some  of  these  ere  influences  of  a  non-uniform  soil  field,  the  effect  of  backfill  moteriols  other  than  dry 
sand,  the  possible  gain  in  resistance  from  the  introduction  of  slip  or  yield  joints,  orsd  the  possibility  of  utilizing  mechanical 
shielding  through  introduction  of  a  liner  or  other  moteriol  in  the  soil  field. 

It  is  not  expected  that  use  of  other  than  non-cohesive  gronulor  soil  will  introduce  ony  insurmountable  difficulty 
in  defining  the  loud  capacity.  Indicotions  are  that  the  modulus  of  soil  reoction  is  the  dominant  soil  porometer,  consequently, 
for  0  given  modulus  the  load  copocity  should  be  essentiolly  the  some  regardless  of  the  chorocter  of  the  moteriol  comprising 
the  soil  field. 

The  analysis  of  the  problem  given  in  this  paper  is  bosed  upon  limited  theoreticol  ond  experimentol  informotion, 
herKe,  it  must  be  expected  thot  certain  of  the  deductiora  will  need  alteration  when  more  extensive  date  becomes  ovoil- 
oble.  For  exomple,  there  ore  Indicatiorts  thot  the  number  of  circumferentiol  waves  which  develop  is  o  function  of  the 
opplied  pressure  orrd  the  soil  modulus  in  addition  to  the  length,  diomter,  ond  woll  thickness  It  also  is  possible  thot  the 
influences  of  length  ore  sufficiently  important  thot  they  connot  be  neglected  in  defining  the  action  of  the  control  tran»- 
verse  section.  Imperfections  in  soundness  ore  not  expected  to  affect  the  tramitior»ol  buckling  load  but  moy  effect  the 
coving  load.  These  things  con  only  be  ultimately  determined  from  experiments. 

Focton  such  os  rototion  at  the  seorrss  of  bolted  plates  ond  optimum  geometry  for  corrugated  plotes  arc  not  treated 
here  despite  their  importance  in  culvert  orsd  protective  construction  design  These  matters  hove  been  studied  in  some 
detoil  ar>d  infoimation  on  them  is  available  from  the  various  monufocturers  of  plote 

CONCLUSIONS 

This  study  attempts  to  transcend  the  mojor  obstacles  to  comprehension  of  the  behavior  of  shollow  buried  cylinders. 
The  problem  is  dissected  orsd  onolyzed  to  determirre  the  dominont  parameters  ond  to  define  the  oreos  in  which  further 
research  it  rteeded  The  treatment  arsd  the  following  firsdings  ond  conclusions  ore  limited  to  the  cose  of  thin-metol 
cylinders  with  shallow  buriol  in  o  uniform  non-cohesive  soil  field 
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h  can  be  concluded  that: 

1  .  The  stiffness  of  the  wall  has  little  influence  on  the  cylinder  deflection  but  does  influence  the  buckling 
load. 

2.  The  moduli  of  soil  reaction  ore  the  dominant  parameters  influencing  deflection  and  buckling. 

3.  The  cylinder  deflection  is  a  linear  function  of  the  surface  load. 

4.  The  modulus  of  horizontal  soil  reaction,  E',  is  a  constant  at  a  given  depth  of  burial. 

5.  Circumferential  waves  are  developed  on  the  sides  which  have  the  same  included  angle  as  an  identical 
cylinder  loaded  hydrostatically.  The  Included  angle  of  the  waves  at  the  bottom  is  slightly  smaller  than 
for  side  waves  and  the  top  deforms  in  the  first  symmetrical  mode  of  a  two-hinged  arch  due  to  the  presence 
of  the  boundary. 

A  study  of  arching  shows  that: 

1  .  For  static  loading  a  certain  minimum  cover  is  required  for  all  of  the  surface  lood  to  be  carried  by  arching. 

2.  For  any  lesser  depth  there  is  a  maximum  (determinable)  percentoge  of  the  surface  load  whicn  can  be 

carried  by  arching. 

3.  A  certain  minimum  relative  deformation  between  the  structure  and  the  free  field  is  requ.  ed  to  develop 
the  maximum  possible  arching. 

4.  The  net  arching  across  a  thin  metal  cylinder  is  negligibly  smell,  although,  locol  active  and  passive 
orching  exists  around  the  perimeter. 

The  archi'^g  analysis  and  measurements  show  that  the  effective  load  on  the  structure  t»  nding  to  induce  failure  i»  t'^e  surface 
overpressure. 

Buckling  failure  may  be  elastic  or  Inelastic,  in  either  the  caving  or  transltlonol  modes.  The  coving  mode  consists 
of  a  collapse  of  the  roof  while  the  transitiortal  mode  is  characterized  by  a  locol  snap  buckle  neor  the  bottom  of  the 
cylinder.  For  thin-wall  cylinders  failure  in  the  transitional  mode  will  most  likely  be  inelastic. 

Under  blast  loading  and  for  the  depths  of  cover  required  to  provide  radiation  shielding,  the  most  probably  failure 
mode  Is  inelastic  transitional  buckling  provided  the  structure  is  designed  to  ovoid  end  wall,  joint,  or  other  secondary 
failure.  Deflection  of  the  sides  and  crown  can  be  predicted  from  the  spring-moss  analogy  and  for  long-durotion  loads 
these  deflections  will  be  twice  the  corresponding  static  values.  Peak  thrust  ond,  consequently,  the  buckling  lood  is 
expected  to  differ  from  the  static  values  by  obout  15  percent— the  thrust  higher  ond  the  buckling  lood  lower. 

SUGGESTIONS  FOR  FUTURE  RESEARCH 

Clossicol  and  energy  load  solutions  are  needed  for  all  of  the  possible  modes  of  buckling  foilure.  Most  needed 
ore  a  classical  solution  for  the  inelastic  tronsltlonol  buckling  lood  ond  o  derivation  of  the  energy  load  for  snap  brckling 
Experimental  methods  ond  data  must  be  developed  for  finding  the  moduli  of  soil  reaction  in  t!.c  bucklirrg  equations.  In¬ 
formation  is  especially  reeded  on  the  modulus  of  verticol  soil  reoction  beneath  the  invert. 

Eventuolly,  experimento!  ond  tfieoreli«.al  work  should  be  auuorrtplisl.ed  tu  oefine  the  influence  of  a  traveling  wove, 
behovior  in  rson-cohesive  sol's,  ond  the  effect  of  such  things  os  slip  joints,  non-uniformity  of  the  soil  field,  ond  end  wolls 
It  also  rnoy  be  desireoble  to  comider  in  more  detail  porometen  such  os  the  depth  of  cover,  length  and  initiol  out-of- 
rosindness . 

The  number  of  variables  is  so  large  thot  it  would  be  best  if  most  test  work  could  be  occomplished  os  port  of  o 
lorge  statisticolly  designed  experiment  even  though  different  phoses  of  the  work  were  performed  by  different  groups  This 
is  probably  the  only  way  secorsd  ond  thud  order  inte-octioTss  con  ever  be  defined  experimenlolly . 
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LIST  OF  SYMBOLS 

A  =  area  of  lortgitudinal  section  per  unit  length 
a  =  rise  of  arch 
c  =  coefficient  of  cohesion 

D  =  diometer  of  cylinder;  width  of  trap  door;  coefficient 
D|  =  deflection  lag  foctor 
d  =  deflection  of  trap  door 
dg  =  depth  of  cover  over  crown 

df  =  defection  required  to  develop  the  maximum  possible  orching 
E  =  modulus  of  elasticity  of  cylinder  materiol 
E'  =  modulus  of  horizontal  soil  reaction 
Ex  =  modulus  of  vertica'  soil  reoction 
F  =  arching  shear 
G  =  shear  rrtodulus 
H  =  depth  of  soi  I  over  trap  door 

R  ~  minimum  depth  of  cover  for  oil  surfoce  load  to  be  carried  by  orching 
I  =  moment  of  inertio  per  unit  lersgth  of  longitudinal  section 
K  =  bedding  conitont 

Kq  =  kg  =  *  at  rest  coefficient  of  earth  pressure 

kc  *  cylinder  stiffrress 
kj  =  coefficient  of  vertical  soil  reaction 
k'  =  coefficient  of  horizontal  soil  reaction 
L  -  length  of  cylinder;  spon  of  orch 
M  =  moment 

m  s  moss  over  crown  acting  with  cylinder 
N  *  thrust;  lorsgitudirsol  stress 

n  2  number  of  circumferential  waves  into  which  o  hydrostoticolly  loaded  cylir>der  buckles 
p  surfoce  pressure 

pg  percent  of  surface  lood  corried  by  arching 

p^  '  overoge  pressure  on  trap  door 
Per  ^  criticoi  buckling  pressure 

p.  :  uniform  rodiot  loo-J 

p  s  failure  lood 
P  X  total  lood 

=  fotol  critical  buckling  lood 
R  7  r  =  cylinder  rodius 
T  inilioi  uniform  longitudirtol  shell  stress 
t  s  time;  woll  thickness 
W  -  lood  on  cortduil  per  unit  lersgth 
y  ~  displocement 
y^  reiotive  body  rfeflection 
<  depth  from  the  soil  surfoce 
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y  -  density  of  soil 

Ax  =  horizontal  deformotion  of  o  buried  cylinder 
€  =  unit  stroin 

€f  =  foi lure  strain 

=  parameter 
=  coefficient  of  friction 
*'  =  Poisson's  ratio 

=  stress  at  incipient  inelastic  trcnsitiorral  bucklirtg 
=  horizontal  soil  stress  at  a  point  in  the  soil  field 
-  vertical  soil  stress  at  a  point  in  the  soil  field 
oy  =  yield  stress  of  shell  material 

j-  =  shear  stress 

Tf  =  failure  shear  stress 
^  =  angle  of  friction  of  soil 


APPENDIX  A  -  DESIGN  CHARTS 


ircumferantioi  Waves  for  Lateral  Preuure 


Oianwt«r  to  T)fickn«u  Ratio,  D/h 

Poisson's  Ratio  -  0.330 
Young's  Modulus  =  29  x  10^  psi 

Fig.  A3  Armir>akas-'K«frmann  Forrrwlo 


»  tn* 


Dionwtor  to  THicknots  RoHo,  0.  "h 

PoiiMn't  Rotio  =  0.330 
Yow-tg's  Modulus  =  29  «  lOf^  psi 


Fig.  A4  A^fionakof  Kotriwonn  Forinuia 


BURIED  TUBES  UNDER  SURFACE  PRESSURE 

by 

P.  S.  Bulion* 


INTRODUCTION 

Thii  paper  summarizes  a  number  of  recent  investigations  at  M.E.X.E.  into  the  deflection  and  collapse  of  thin- 
walled,  flexible  tubes  buried  in  compacted  sarKi,  when  the  surface  of  the  sand  was  under  a  static  vertical  overpressure. 
The  tubes  were  unstiffened  and  open  ended,  and  the  majority  were  circular  or  square  in  section.  Surfoce  loodirsg  was  by 
means  of  o  uniform  pressure  applied  hydrostatically. 

Test  specimens  were  mode  from  mild  steel  sheet,  and  buried  so  that  their  longitudirKil  axes  were  horizontal .  The 
moisture  content  of  the  sand  was  in  the  range  1%  -  3.5%,  ond  the  averoge  density  offer  compaction  was  within  o  srmll 
percentoge  of  104  lbs  per  ft^  for  ail  tests. 

Most  of  the  tests  have  been  made  at  a  scale  about  I/ICth  full  size,  so  thot  the  tubes  were  6  or  10  inches  dia¬ 
meter  or  side.  Some  tests  have  ucc.  .r.od;  at  about  l/3rd  full  size  with  tubes  30  inches  diometer  or  side.  To  do  this  we 
hove  employed  two  testing  rigs. 


TEST  EQUIPMENT 


The  5  ft .  rig 

- TRir  is  the  smaller  of  the  t>wo,  and  measures  5  ft.  square  in  plan,  4  ft.  deep.  It  is  shown  diagrammatically  in 

Figure  I .  The  tfeel  contairser  is  filled  with  fine  sand  in  3  in.  layers,  and  each  layer  compocted  by  two  posses 
of  o  vibrating  hammer  fitted  with  a  6  in.  squore  plate.  This  is  found  to  give  o  very  consistent  density . 

When  the  sond  level  reoches  the  bottom  edge  of  two  Inspection  ports,  in  opposite  verticol  sides  of  the  container, 
the  tube  under  test  is  ploced  on  the  sand  so  thot  its  longitudirKsI  axis  is  level,  central,  orsd  in  line  with  the  pom.  All 
tubes  ore  12  irKhes  long.  Inspection  tunnels,  made  from  tubes  hovirsg  the  some  section  shape  as  the  specimen  ore  placed 
between  the  ends  of  the  specimen  orvi  the  ports,  and  oil  gaps  sealed  with  plosticene.  For  very  shallow  depths  of  cover 
the  tunrsels  are  mode  with  thick  walls,  so  that  they  cor.  be  re-used,  but  ot  greater  depth  it  is  rseccssory  to  moke  the 
tursnels  os  flexible  os  the  specimen,  to  eliminate  earth  wchirsg  ocrou  its  lersgth. 

Further  loyen  of  send  ore  odded  ond  compocted  until  the  desired  cover  is  teoched.  In  order  to  preserve  the 
shape  of  the  tube  durirsg  this  phose,  wooden  struts  are  ploced  inside  (removed  ofter  cornpoctiors).  A  poir  of  toft  r\^)ber 
dio,hragmt,  edged  by  o  steel  frome,  is  ploced  on  the  horizontol  surfoce  of  the  sorsd,  ond  obove  this  is  o  ret.roining 
structure  is  connected  vin  tirsks  to  the  side  of  the  container.  As  water  is  pumped  into  the  spoce  between  the  diophrogms 
o  uniform  preiture  is  applied  over  the  sond  surfoce.  It  is  measured  by  o  guuge  irKluded  in  the  woter  supply  system.  The 
moximum  working  pressure  of  the  rig  is  lOG  ps! . 

Figure  2  shows  the  rig  wish  ttse  restraining  structure  ar>d  ioodirsg  diophrogms  removed,  ond  the  sond  level  with  the 
base  of  tlie  specimen  and  tunrsels.  Figure  3  shows  a  general  view. 

The  24  ft.  rip 

IS  used  for  the  one-third  stole  tests,  ar>d  is  shown  diagrammoticoHy  in  Figure  4,  It  onsist.  of  o  reinforced 
concrete  pit,  24  ft.  squore  in  plan,  with  vertical  s>des  to  depth  of  4  ft.  By  buiidirsg  up  the  vide  walls  with  steel 
sectioTH  o  totol  depth  of  7  ft.  con  be  ootoined.  Send  is  loyed  by  means  of  o  trovellirtg  hopper,  and  compocted  by 
vibrofing  roller,  ksspection  ports  on  opposite  foces  of  the  pit  enable  the  behoviour  of  o  specimen  to  be  studied  during 
loodirsg.  The  positioning  of  specimens  follows  o  similor  sequence  to  the  S  ft.  rig,  ond  the  some  procedure  is  followed 
during  compoction  of  the  cover. 

A  similar  looding  syetem  is  used.  In  this  cose  the  diaphragms  ore  24  ft.  square,  ond  the  restraining  structure 
consists  of  large  girders  conrveefed  through  heavy  links  to  the  tide  of  the  pit.  Figure  S  shows  the  rig  with  loading 
diaphragm  removed  and  o  group  of  three  gir'tfers  in  position.  Trie  working  pressure  is  SO  psi. 


•  Heod  of  Structures  Group,  Militory  E'^rerimentgl  Estoblithment,  Ministry  of  Defence,  Christchurch, 
Hampshire,  Englond. 
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Fig.  2  Rig  With  Restraining  GriH  and  Loading  Diophragms  Removed,  Shewing  Speciroer  and  Tunnels 
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Fig.  3  Generat  View  of  Test  Rig 
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The  plan  areo  is  large  in  relation  to  the  size  of  the  specimen  to  ensure  the  load  on  the  specimen  is  not  affected  by 
side  friction.  A  considerable  quantity  of  sand  is  stored  in  large  hoppers  when  not  in  use  (Figure  6),  and  o  gantry  crone  is 
used  to  handle  the  heavy  apparatus.  In  br  rigs  the  pit  or  contoiner  is  completely  excavated  ofter  each  test,  and  refilled 
according  to  a  strict  compaction  sequence.  Excavation  is  by  mechonical  digger  and  conveyor  belt.  In  order  to  keep 
moisture  content  of  the  sand  as  constant  as  possible,  the  whole  installation  is  housed  in  a  weathertight  hangar. 

Measuring  apparatus 

Apparatus  for  measuring  specimen  deflections  in  the  5  ft.  rig  consists  of  a  long,  heavy,  stiff  tube  that  passes 
through  the  tunnels  and  the  specimen,  and  is  held  by  bearings  fixed  externally  to  a  supporting  frame  (Figure  7).  The 
longitudinal  centre  of  the  tube  carries  a  mounting  for  a  potentiometric  deflection  gouge,  which  is  placed  in  contact  with 
any  desired  face  of  the  specimen.  As  the  gauge  plunger  moves  on  attached  contact  rides  over  a  finely  wound  resistance  in 
the  body  of  the  instrument,  altering  the  balance  of  a  pen-recorded  bridge  circuit.  For  circular  cylinders,  the  gauge  can 


Fig.  5  24  Ft.  Rig  With  Loading  Diaphragm  Removed 


Fig.  6  Digger,  Conveyors  and  Hoppen,  24  Ft.  Rig 
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be  rotated  through  360  by  rototing  the  main  tube  on  its  bearings,  ond  in  this  way  a  complete  record  of  radial  deflectioro 
taken. 

As  deflections  grow  to  the  order  of  2  inches,  and  collapse  approaches,  the  apparo^js  is  removed,  and  in  the  final 
stages  deflections  are  measured  by  optical  measuring  devices  (cathetometers) .  Sometimes  the  sequence  is  filmed  using  high 
speed  cine-camero,  and  the  film  projected  later  in  single  frames.  Rotations  ore  measured  by  mountirsg  graduated  scales 
on  slender  rods,  attached  to  the  desired  point  on  the  specimen,  and  checking  their  movement  by  telescope. 

All  deflections  so  for  observed  in  the  24  ft.  rig  have  been  by  graduated  scale  and  telescope.  Facilities  exist 
to  measure  strains  in  the  walls  of  cylinders,  emue  <->iaaAB-r 

.»,n9  st™,n  END  OF  RIO 

pressures,  but  the  investigations  to  dote  have 

been  limited  to  the  measurement  of  deflections 


and  over  pressures  only. 

CIRCULAR  TUBES 

Tubes  made  from  tin  plated  mild 
steel  sheet  (E  =  30  x  10*  psi,  O’  Y  = 
26,300  psi)  with  a  thickness  of  0. 01 1  in. 
and  diameters  in  the  range  5  in.  to 
10  in.  were  tested  in  the  5  ft.  rig.  The 
depth  of  cover  was  either  3/8  or  1/4  x 
diameter,  sand  density  104  lbs  per  cu.  ft. 

As  over  pressure  was  increosed 
each  specimen  buckled  into  a  number  of 
halfwaves  around  the  circumference, 
and  the  roof  simultaneously  deflected 
inwards.  Most  tubes  collapsed  in  the 
sequence  shown  in  Figure  8.  Large 
deflections  of  the  buckles  around  the 
loFver  half  of  the  circumference  were 
followed  by  one  half  wave  deflecting 
rapidly  and  failing.  This  was  followed 
by  collapse  of  the  roof  in  a  three  half 
wave  mode.  In  some  tests  roof  failure 
occurred  before  the  lower  buckles 


PLATE  TO  PREVENT 
ANY  LONGITUDINAL 
MOVEMENT. 


POTENTIOMETRIC  DEFLECTION 
GAUGE. 


OUTLINE  OF  SPECIMEN. 


ROLLER  REARING  UNIT 


Fig.  7  Deflection  Meosurirtg  Apparatus 


reached  ultirrKite  capacity.  Figure  9 
shows  a  typical  radial  deflection  plot, 
indicating  large  roof  deflection  and 
buckles  oroursd  the  lower  rim. 

Figure  10  shows  the  relation 
between  over  pressure  at  collapse 
(Pfnq^T  orsd  the  theoretical  critical 
elastic  buckling  stress  for  the  tubes 
under  o  uniform  loteral  pressure 
(qcr)-  The  experimental  points  ore 
in  eoch  case  the  overage  of  a  number 
of  tests,  and  as  might  be  expected  in 
tests  involving  iretability  of  circular 
cylinden,  the  scatter  was  rather  high. 
Bearing  in  mind  the  limited  range  tested, 
the  results  suggest  on  approximately 
liiseor  relatiorehip  between  p,m^  and 
q^f  for  the  depth  of  cover  to  tuM 
diometer  ratio  (c/D)  used.  For 
4/0  =  0.375, 


I.  ORIGINAL  SHAPE.  ?.  ROOF  DEFLECTS,  y  LOVER  RIM 

RUCKUS. 


4.  ONE  RUCKLE  y  ROOF  COLLAPSES  6.  FMUl SHAPE. 

GROVS  RAPIDLY. 


Fig.  8  Stages  in  Collapse  of  Thin  Wolled  Tube 
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Fig.  9  RodSol  [>«FI«ctiom 
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Pmo^^r  ""  ~ 

Pmay‘1„  =  9-2. 

Figures  1 1  ond  12  ore  pKotographs  of 
a  specimen  after  formation  of  the  local  bucicle 
(Figure  11),  and  after  partial  collapse 
(Figure  12).  Figure  13  shows  the  top  central 
vertical  deflection,  §  ^  plotted  against  over 
pressure  for  three  selected  tubes.  The 
relationship  is  linear,  ond  the  stiffnesses, 

P/Sc'  ^  P*'  ~  0.375) 

ond  95  psi  per  in.  (d/C  =  0.75).  The  ratio 
of  the  stiffnesses  for  the  two  depths  of  cover 
(■  60/95),  is  of  the  same  order  os  the  ratio 
of  Pma)i/\r  9*Z^9.2)  in  Figure  10. 

SQUARE  TUBES  1):  CONSTANT 
COVER,  VARIABLE  WALL  THICKNESS 

Depth  of  cover  3  ins. 

Tubes  mo<Je  from  mild  steel  sheet 
(E  =  30x  106pji,  o-y  =  30,000  psi), 

8  inches  square,  were  tested  in  the  5  ft. 
rig .  In  the  first  series,  the  depth  of  cover 
remained  constant  at  3  ins.,  but  the  gauge 
of  the  sheet  varied  between  0. 165  in.  and 
0.038  in.,  giving  side/  thickness  ratios  in 
the  range  210-485.  Sand  density  was 
104  lbs  per  cu.  ft. 

As  the  over  pressure  increased, 
the  roof  of  eoch  tuE>e  deflected  down¬ 
wards.  The  relation  between  over 
pressure  and  deflection  wos  linear  at 
first,  then  followed  a  large  increase 
in  deflection  for  o  small  lood  increment, 
os  plostic  hinges  formed  at  the  upper 
corrsers  of  the  tube.  At  this  time 
horizontal  deflections  of  the  centres 
of  the  vertical  sides  were  rxsgligible. 

Further  over  pressure  resulted  in  very 
lorge  roof  deflectiore,  until  one 
verticol  side  col  lapsed  urroer  a  corrdtirsed 
end  ond  loterol  load.  The  col  topee 
sequerKe  it  drown  in  Figure  14,  and  a 
tube  ofter  partial  coHopte  in  Figure  IS. 

Curvet  of  over  pressure  ogoinst 

roof  deflection  for  o  typical  group  of  four  similar  tpecimere  ore  brought  together  in  Figure  16.  Note  thrt  durirsg  eorly 
stoges  Ot  looding  the  ^r  specimens  give  similar  reodirgs,  ond  that  ofter  the  formotion  of  plastic  hinges  the  curves  take 
the  tome  linear  form.  The  ecotter  in  collapse  preseures  only  oppeors  ot  the  very  er^  of  the  looding  sequerKO,  suggesting 
voriotiore  in  property  of  materiol  or  iniliol  deviotiorss  Irom  flotrseis  rother  than  incorssitterKy  in  sand  density.  The 
deflection  ot  which  plostic  hirsges  formed  ogrees  well  with  the  theory  for  o  clornped  roof  under  o  uniformly  distributed 
lood. 


I  St! 


ri  »!'rvv  ^ 


os> 


Fig.  10 


Relction  Between  p  ond  q  C-rculor  Tubes 
mo»  cr 


Settlement  of  the  whoie  specimen  during  looding  ^«eglig%lc.  The  orsgulor  rotation  of  the  top  comers  of  o 
specimen  wot  measured  optically,  artd  the  rteultt  oppeor  in  Figure  17.  The  sudden  inentote  in  rototion  os  the  hinges 
form  con  be  clearly  seen. 

At  ftnoi  collapse  alwoys  occurred  by  the  buckling  of  a  vertical  tide,  arsd  the  buckling  load  of  o  side  plate 
ursder  comprsHWon  is  o  function  of  (t  b)^,  where  t  wall  thickrsesi,  b  ■  woH  breodth,  it  teems  logicol  to  compare 
collapse  over  pressure  (Pnns)  U  b)^.  This  hot  been  dorse  in  Figure  18,  which  shows  on  ooproiiimatcly  linear 
relotion,  with  o  proportional  increase  in  KOtter  at  higher  voluet  of  Pn^.  The  reiotion  between  roof  Piffrsess  (fv  ^  ^1 
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Fig.  II  Tube  Removed  From  Test  Rig  After  rormotion  of  Loco  I  Buckle 


Fig.  12  Tube  After  INirttol  Collopae.  SKowing  Local  Buckle  ond  Form  of  Roof  Failure 
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Fig.  13  Relotion  Between  p  and  Circulor  Tubes 
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Fig  14  Stoges  in  CoHooie  of  8  Inch  Square  Tubes  Under  3  IfKhes  Cover 


219 


r>OU  -STRUCTURE  INTERACTION 


and  (t/b)^  con  alto  be  shown  to  be  linear. 

For  o  second  series  of  tests  the  depth  of 
cover  was  increased  to  6  ins.,  and  tubes  in  the 
some  range  of  side/thickness  ratios  examined. 

The  moisture  content  of  the  sand  varied  between 
1 .3%  and  2.3%,  the  overage  density  being  103.2 
lbs  per  cu.  ft.  As  the  over  pressure  was  applied 
the  roof  of  each  tube  deflected  downwards,  arnl 
the  sides  inwards.  Roof  and  side  deflections  were 
in  some  instances  of  the  same  order,  suggesting 
equality  of  verticol  and  horizontal  pressure.  This 
was  different  to  behaviour  at  3  ins.  cover,  when 
horizontal  deflections  were  negligible. 

As  plastic  hinges  formed  Oi  the  top  corners 
of  the  tube  there  was  a  slight  increase  in  deflection 
for  small  load  increments,  but  much  l«s  marked. 

Further  pressure  increose  resulted  in  large  deflec¬ 
tions  of  roof  and  sides  until  both  vertical  sides 
collapsed  simultaneously  inwards.  This  simul- 
toneous  collapse  occurred  in  every  test.  The 
i-ol lapse  sequence  is  shown  in  Figure  19,  and  a 
*ube  after  partial  collapse  In  Figure  20. 

Curves  of  over  pressure  against  roof 
defle.'..'''in  for  a  typical  group  of  three  similar 
specimens  ore  brought  together  in  Figure  21 .  ,5  After  Collapse 

As  in  the  3  in,  cover  tests,  the  scatter  in  collapse 

pressures  only  appears  at  the  very  end  of  the  looding  sequerKe,  suggesting  variations  in  property  of  tube  material  or 
initiol  deviations  from  flotness.  For  a  soil/structure  experiment,  the  scatter  of  results  seems  quite  smoll. 

Because  collapse  always  took  place  by  the  buckling  of  vertical  sides,  we  have  again  compared  collapse  over 
pressure  (p,nax)  Figure  22  shows  the  linear  relotion  thot  results. 


Relotionship  between  p^^  ond  (t/1))^ 

The  above  results  suggest  the  relation; 


^  k(t/b)^  X  10*  psi 

Values  of  k  from  the  tests  were: 

3  in.  cover,  k  =  1 .7, 

6  in.  cover,  k  =  3.0. 

Before  occeptirsg  these  values  for  k  on  importont  limitation  in  the  experimental  technique  should  be  rsoted.  The 
opprooch  tunnels  at  eoch  end  of  oil  specimens  were  very  stiff.  The  distortce  between  the  ends  of  these,  ocross  the  lersgth 
of  the  specimen,  was  12  in.,  ond  this  was  reckoned  to  be  lorge  enough  in  comporison  with  the  depth  of  cover  to  preclude 
orching  ocross  the  specimen  in  that  direction.  However,  os  subsequent  tests,  described  loter,  show,  the  stiffness  of  the 
tunnel  does  increose  the  collapse  pressure.  The  measured  values  of  k,  therefore,  ore  high. 

SQUARE  TUBES  2) :  CONSTANT  WALL  THICKNESS,  VARIABLE  COVER 


Wall  Thickness  .020  in;  side  width  8  in. 

Tubes  mode  from  mild  steel  sUeT (E  '  30  x  10*  psi,*^y  -  30,000  psi),  with  b,  t  rotio  =  400  were  tested  in  the  5  ft, 
rig.  The  depth  of  cover  wos  increased  from  zero  to  12  in.  in  increments  of  3  in.  Tests  were  first  mode  with  stiff 
irsspection  tunnels,  but  the  collapse  pressures  rose  sc.  rapidly  when  the  depth  of  cover  exceeded  9  in.  thot  it  wos  clear 
the  tursnels  were  offering  odditior>al  support.  It  wos  decided,  therefore,  to  make  them  the  same  thicknen  os  the 
specimen  -  which  meant  new  tursnels  for  eoch  test.  Three,  and  in  one  case  four,  specimens  were  tested  at  eoch  depth. 
The  degree  of  Kotter  was  low . 

In  Figure  23  collapse  overpressure  (pmax)  plotted  against  (d)^,  where  d  is  the  depth  of  cover.  The 
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Fig.  16  Control  Deflection  of  Roof  Deptf'  of  Co^et  3  IncKet 


221 


SOIL-STRUCTURE  INTERACTION 


fig  17  AngMlor  Rotation  of  Top  Conwf .  Dvpth  of  Covof  3  (ncKoi 
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Fig.  19  Stages  in  Collapse  o'  8  Inch  Square  Tubes  Under  6  Inches  Cover 


Fig.  20  Specimen  After  Collopse  (6  Inch  Cover) 
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Fig.  21  Central  Deflection  of  Roof .  Deptfi  of  Cover  6  Inches. 
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relationship  is  shown  to  be  linear  over  the  range  tested.  For  d  =  0,  3  ins,  collapse  occurred  by  the  buckling  of  one 
vertical  side  (as  described  earlier).  For  d  =  6,  9,  12  ins.  both  vertical  sides  buckled  sifnultaneously  inwards.  Figure  24 
compares  vertical  displacement  of  the  roof  with  horizontal  displacement  of  the  side  for  a  specimen  buried  under  12  ins. 
cover . 

Wall  thickness  .015  in.;  side  width  6  in. 

Tests  si  mi  lor  to  those  just  described  were  also  mode  with  tubes  hoving  o  wall  thickness  of  .015  in.  orsd  o  b/r  rotio 
of  533.  Figure  25  compares  coliopsa  overpressure  with  (d^),  and  ogoin  the  relotionship  is  opproximotely  lineor. 

2 

Relationship  between  p^j^  and  d 

tKe  above  results  suggest  the  form 

Pmox  "  P»‘ 


Values  of  n  from  the  tests  were 


t  =  .020  ins,  b/t  =  400,  n  =  0.085, 
t-  .015  ins,  b/t  =  533,  n  =  0.10. 

Tests  ore  continuing  to  evoluote  n  for  tubes  of  smaller  b/t  ratio,  arsd  to  extend  the  range  of  depth  of  cover. 

SQUARE  TUBES  3):  INCREASING  CORNER  RADIUS 

Tests  hove  been  made  in  the  5  ft.  rig  to  exomine  the  effect  on  collapse  pressure  of  increasing  the  corner  rodius  of 
a  square  section  thin  walled  tube.  The  depth  of  cover  wos  held  constant  at  3  ins,  and  the  wall  thickness  ot  0.015  ir». 

All  tubes  were  basically  8  ins.  square.  The  corner  radius  was  varied  in  the  following  increments:  0,  1,2,  3,  3.5  orsd  4 
inches.  An  8  inch  side  tub>e  with  a  4  in  corner  radius  is,  of  course,  circular.  The  tests  were  planned  to  study  the  effect 
of  tube  shape  on  soil  arching.  The  inspection  tunnels  were  mode  the  some  shope  os  the  specimen  but  of  much  thicker 
material,  so  that  collapsfs  pressures  ore  higher  than  we  would  expect  with  flexible  tunnels. 

Figure  26  shows  the  basic  shope  of  the  tubes,  and  the  mode  of  collapse.  Note  tfiot  for  smaller  rodii,  collapse  is 
by  buckling  of  a  vertical  side,  but  for  larger  radii  instability  first  occurs  in  the  roof.  In  the  latter  cases,  it  was  possible 
to  continue  loading  after  the  appearance  of  the  roof  buckle,  until  eventvxilly  o  verticol  side  collapsed  inwards,  but  we 
hove  taken  roof  instobility  as  the  effective  limit. 

Over  pressures  at  collapse  are  shown  in  Figure  27.  Pressures  at  2  in.  comer  rodius  ore  lower  than  at  I  in. 
because  of  the  change  in  failure  mode.  Increase  in  collapse  pressure  os  the  comer  .•adius  exceeds  3  in.,  and  the  tube 
approaches  a  circular  form,  is  very  s^eep.  Conversely,  the  presence  of  o  small  'flat'  in  a  circular  tube  con  greatly 
reduce  collapse  fxressure.  ixiging  from  previous  sec. ions  of  this  paper,  when  collapse  occurs  by  instobility  of  a  vertical 
Pmax  a  '♦Al)^  ,  where  b^  is  the  flat  length  dowr  the  side.  A  curve  of  this  form  is  shown  to  give  good  ogree.nen^, 
including  the  odd  result  at  2  in.  radius  where  we  continued  iooding  after  roof  instobility,  until  the  verticol  side 
collapsed. 

Instobility  in  the  roof  must  be  associated  with  a  hoop  stress  around  the  curved  corner.  If  we  assume  a  radial 
pressure  here,  it  con  be  shown  that  for  the  roof  p,^x  ^  (■  /^l  0,  where  r  Is  comer  rodius.  A  curve  of  this  form  Is 
shown  to  ogree  with  test  results  for  r  =  2,  3,  and  3.5.  For  the  completely  circulor  section  the  cotlopse  mode  is  again 
different,  orsd  the  moximum  overpressure  much  higher. 

The  test  results  can  be  explained  by  considering  only  the  structural  behoviour  of  the  tubes,  without  reference  to 
soil  properties.  This  suggests  that  the  shape  of  the  roof,  ond  any  effect  it  has  on  soil  arching  during  the  early  stages  of 
loading,  has  very  little  influence  on  collapse  pressure. 

SQUARE  TUBES  IN  THE  24  FT.  RIG 

The  first  tubes  tested  in  the  24  ft.  rig  were  circuit,  but  in  order  to  examine  scale  effect,  with  special  refererKe 
to  the  large  number  of  squore  tubes  tested  in  the  5  ft.  rig,  the  moin  experiments  so  far  hove  been  on  tub^  30  in.  square. 
These  were  mode  from  14  or  16  gauge  material  (thickness  .060  and  .062  ins.),  and  buried  with  a  cover  depth  of 
11.25  ins.  The  density  of  the  sand  after  compaction  by  roller,  was  104  lbs  per  cu.  ft.,  which  agreed  closely  with  sorsd 
density  in  the  5  ft.  rig.  The  inspection  tubes  were  stiff  comparea  with  specimens. 

The  depth  of  cover  (d)  was  chosen  os  1 1 .25,  to  give  the  some  (d/b)  rotio  olieody  used  in  one  of  the  5  ft.  rig  test 
series  {6/\i  -  0.375).  The  sheet  thickness  .060  ins  gave  a  b/t  ratiu  of  375,  and  Hie  thickness  .062  a  ratio  of  484.  The 
letter  agrees  closely  with  one  of  the  smell  scale  tubes  (t  =  .0165,  b/t  =  485)  so  the  scale  of  the  test  was  30:8  in  all 
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g.  24  Roof  ond  Sid*  D*n*ction  of  8“  Squar*  Tub*,  0.020^  Thickn*n,  Buri*d  12"  B*low  Surfoc* 
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Fig.  25  Rvlotion  p  and  d  for  Mild  S^mI  Tube,  Sid*  8  Inchos,  Thicknou  .015  Inch 
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DOTTED  LINES  SHOW  CaiAPSE  MODE.  CORNER  RADIUS  >r 


geometrical  respects. 

In  Figure  28,  over  pressure  is  plotted 
ogoirat  B/b,  where  g  is  central  deflection  of 
the  roof,  for  both  scales.  The  one  factor  thot 
does  not  scale  is  the  dead  weight  of  the  sorsd, 
and  because  of  this  the  initial  deflections  (before 
application  of  over  pressure)  ore  proportionately 
greater  in  the  large  scale  test.  The  pressure  on 
the  shelter  roaf  due  to  dead  weight  of  sortd  is 
0. 18  psi  in  the  5  ft.  rig,  and  0.65  psi  in  the 
24  ft.  rig.  The  curves  agree  reasonably  well, 
suggesting  that  roof  stiffness  is  not  effected  by 
scale  after  loading  begins.  The  collapse 
pressure  of  the  large  specimen  is,  however, 
considerably  lower  than  for  the  specimen  in  the 
5  ft.  rig  (3.5  psi  as  against  6.9  psi).  This  is 
thought  to  be  again  due  to  the  deod  weight  of 
sand.  When  collapse  finally  occurs  by  buckling 
of  a  vertical  side,  the  lateral  pressure  acting 
is  considerably  higher  in  the  large  rig, 
because  there  is  o  considerably  heavier 
mass  of  sand  moving  between  the  slip  line 
and  the  surface.  Experiments  are  contirHjing 
to  examine  this  explanation. 


Fig.  26  Shape  ond  Collapse  Mode  of  Tubes  With 
Increasing  Corner  Rodius 


TWO-DIMENSIONAL  TESTS  WITH  GRANULAR  MEDIUM 


In  support  of  the  work  described  so  for,  ortd  to  investigate  more  fundomenta I ly  the  role  of  a  granular  material 
surrounding  a  flexible  structure,  a  third  rig  has  been  constructed.  Detoils  ore  shown  in  Figure  29.  A  steel  frame  2  ft. 
6  ira.  long,  2  ft.  high,  6  ira.  thick,  is  packed  with  thin  gloss  rods,  about  3  mm.  diameter,  5.75  ins  long.  The  rods 
surround  a  5.75  ira.  long  specimen  of  circular  or  square  section  thin  walled  tube.  These  specimens  are  shorter,  but 
otherwise  simitar  to  those  used  in  the  5  ft.  rig.  They  ore  buried  to  o  kisown  depth  of  cover,  ar>d  prseumotic  loading  is 
applied  to  the  upper  surface  through  a  rubber  air  bog. 

By  arranging  the  rorh  in  coloured  layers  it  is  passible  to  study  their  movement  immediately  precedirsg  and 
during  collapse.  Orse  face  of  the  rig  is  plate  gloss,  the  other  is  metal.  These  enclose  the  rtxk  but  ore  not  in  contact 
with  them.  Figure  30  shows  on  8  in.  diameter  circular  specimen,  buried  to  a  depth  of  3  inches,  before  looding. 

Figure  31  shows  the  configuration  after  collapse,  which  was  sudden  ortd  catastrophic  under  the  pneumatic  load. 
Although  the  rods  move  with  great  acceleration,  they  remain  poroMel  ortd  do  not  breok. 

Figure  32  shows  o  squore  specimen  after  coHopse  of  one  vertical  side.  The  slip  line  profile  con  be  clearly 
seen.  The  results  of  o  number  of  tests  with  square  tubes  of  varying  t/b  rotio  ond  depth  of  buriol  ore  brought  together  in 
Figure  33.  The  results  of  o  large  number  of  tests  in  this  rig  ore  now  being  omlysed. 

A  similar  rig,  with  higher  sides,  no  top  member,  arsd  no  pneumatic  looding,  hoi  been  used  to  examine  the 
arching  of  a  granular  material  under  its  own  weight.  The  results  of  typical  experiments  in  this  series  ore  shown  in 
Figure  34.  In  the  fint  experiment,  a  thin  walled  square  specimen  (4  ira.  side,  .008  ins.  thick)  wos  looded  uniformly 
over  its  roof  by  layers  of  gloss  rods.  The  rods  in  each  row  were  taped  together  with  a  flexible  odhesive  tope,  to 
contain  them  as  the  height  of  the  pile  irscreosed.  The  specimen  rested  on  o  wood  bose,  or>d  was  held  from  side  sway 
by  two  wood  blocks  thot  rnode  contoct  with  the  upper  comers,  but  allowed  freedom  of  lateral  deflection  of  the  sides. 
Figure  34  shows  a  plot  of  depth  of  cover  ogoirat  roof  deflection. 

In  the  second  test,  wood  blocks  were  placed  to  form  a  vertical  sided  trench  above  the  specimen.  Gloss  rods 
were  ogoin  placed  in  layers  so  that  the  specimen  roof  was  looded,  and  were  contained  by  the  blocks  as  the  height 
irtcreosed.  Up  to  o  depth  of  cover  of  8  ira.  there  was  ras  discernoble  diftererKe  in  the  looding  curves  for  the  two 
coses.  In  the  third  test,  rods  were  placed  over  the  whole  area  of  specimen  ortd  side  blocks.  To  a  'tepth  of  cover  of 
4  ins.  the  cover/deflection  curve  remoirted  very  similor  In  form,  but  for  deeper  cover  begon  to  deviote.  At  o  depth 
of  cover  of  8  irKhes  there  was  only  o  sttkiII  irKreose  in  deflection  os  the  depth  increosed. 

A  progromme  of  simple  experiments  like  this  hos  been  plonned  to  exomirse  the  behaviour  of  the  tube  under  a 
variety  of  loterol  supports,  ond  with  the  applied  lood  consistirsg  of  surfoce  pressure  os  well  os  dead  weight  of  rods. 
Eventually  the  effect  of  o  plastic,  or  elastic  looding  media  will  be  compared  with  thot  of  the  dry  glou  rods. 
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Fig.  27  Relation  B«tw««n  p  and  Comar  Rodim  (r)  for  Mild  St««l 
■  mo* 

Tubo,  Sido  8  IncKw,  Thtcknou  .015  Inch 
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Fig.  28  Co«Tiprri»an  of  T«tts  ot  Twq  $col«t 
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AR  BAG  TO  APPLY 
OVEWHESSURE. 


SPECMEN 

Fig.  29  Schemotic  View  of  Two  Dimemiciici  T#^^  Rjg 
FUTURE  PROGRAmE 

Tf>e  5  ft.  rig 

A  rtutrb^f  of  ff>*  f*»f»  to  for  carried  oo»  in  cornpoc»ed  io*>d  will  repeo'eo  wi'K  f<^faei  of  fKe  tome  tfwpej,  buf  nwde 
from  ortter  moterioU,  e.g.  light  alloy  (greater  flexibility;  or  dwrettoi  (bfittle,  inflexible. 

Selected  fejft  from  the  whole  of  the  above  range  will  then  be  repeated  in  orher  loili,  e.g.  cloy,  loom,  <Jfy  yn- 
corr^pocted  tortd.  Retcrltt  will  b«  pretented  in  o  temi-empiricoi  form,  at'c  ^iil  be  uyefwi  to  detioneri  and  picjnnert  who 
hove  *o  moAe  o  lodgement  between  shelter  moteriol,  form,  end  oepth  of  cover  for  o  .voii . 

Further  experimenti  will  investigate  other  iKopet  of  fwbe,  orsd  the  effec*  of  }titfer.erj  ond  corrogoiions. 

The  24  ft .  rig 

W^tert  the  scale  effect  due  to  dead -weight  of  soil  hos  been  iotitfoctoril,  inyestigoted,  experiments  will  be  mode 
with  model  reinforced  concrete  structures,  and  with  procticol  for  "4  of  sheltwf .  7h*  tc«!«  it  iorge  enfiugh  to  enable  eorfh 
pressure  ceils  to  be  introduced  into  the  toil  and  the  wolls  of  the  specimen,  -and  it  it  intenders  fo  moe.e  o  systemotie 
investigolion  of  soil  pressure  distribution. 

Dynomic  testirsg 

All  the  worh  discuued  so  for  hos  been  limited  »o  behovfOy.x’  of  structures  -under  o  dofic  over  presKire.  How  do  the 
results  cornpare  with  ihoee  from  dynomre  tests,  ord  how  far  con  the.  be  ,  ved  t-o  predic’  ^dynomic  behoviout?  To  oniwet 
these  guettioro  o  number  of  courses  ore  being  followed; 

1.  IiAtes  similor  to  those  tested  in  the  5  ft.  rig  ore  being  t»s*^  under  idemicol  conditions  of  scevi  compoction 
and  buriol  in  the  large  field  eiiplosion  of  T.N.T.  ot  Suffieid,  C'madc,  in  J-„!,  1964.  Instruments 

will  give  overpressure  time  reiof lonships, 

2.  Tubes  under  similor  cortditiont  will  be  introduced  in.  to  a  cemtoiner  in  rhe  fi'oor  of  the  new  hstge  shoe* 
tube  focility  at  A. Foulneu,  England. 
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Fig.  30  Circulor  Specimen  Before  Locding 
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Fig,  33  Summery  of  Slip  Lin*  Reiulh 


236 


STATE  Of  THE  ART 


S.  A  fHeoreticol  and  experimental 
inve$tigotiofi,  iponiored  b> 
M.E.X.E.,  is  being  ur«der- 
token  of  SouHximpton 
University,  England,  to  study 
the  ixjturcl  frequency  of 
vibrotion  of  structures  burled 
in  soil. 


fhe  v»ofk  described  on  circular 
ortd  square  tubes  is  covered  in  greater 
detcil  in  M.E.X.E.  Reports  RES  7/1, 
RES  48.3/2  ond  RES  48.3/3.  Reports 
to  be  issued  later  will  give  more  detail 
about  the  tests  on  square  tubes  with 
varioblie  cover,  with  increasing  comer 
radius,  and  at  the  Icrger  scale. 

This  paper  is  published  by 
permission  of  the  British  htinistry  of 
Defence  (Army  Department),  or>d  the 
Scientific  Advisors  Branch  of  the  British 
Home  Office. 


APPENDIX 

The  following  (tnteriol  hcs  been 
added  by  the  editor  in  an  attempt  to 
present,  within  space  limitations, 
odditicmcl  informotion  which  was  pre> 
seated  at  this  session  by  means  of  a 
motion  picture.  The  motion  picture 
illustrated  the  collc^ee  and  failure  of 
numerous  buried  structures,  figures  35 
ond  36  present  selected  frofrtei  from  two 
sequrmces  which  were  enlarged  from  the 
16  mm  motion  picture  film.  They  hove 
been  appended  to  tht  paper  in  order  to 
shew  the  mechanism  of  failure  from 
impending  failure  to  complete  collapse. 

It  is  felt  thot  the  foilure  sequersces, 
as  shown  in  the  photographs,  odd  to 
^mderstonding  of  the  soil -structure 
interaction.  Therefore,  with  Dr,  Bulson's 
permission,  we  hove  made  this  oddition 
to  his  paper. 


1-1 


7-^ 


C  RDOf  LOHDUK  OVER 

VECIHEN. 


X  NMf  LOAMNC  BETVEEN 
VCRTKAi  MALLS. 


C  ROOF  LOAOiNC  OVER  URGE  ARU 


d*  2b 


/ 

/  . 
/  i 


pr-^- 

!  / 


/!  / 


// 


ROOF  PiatCTION  (&)  MS 
Fig.  34  Experiments  With  Gloss  Rods 


’r 

- - 

r“ 

1 

1 

1 - —■ 

„  I 

- i 

\ 

! 

1 

j 

""  '  - o 

/ 
I  J./ 

— 

t 

! 

i 

I 

1 

i 

1 

j 

/  / 
r—<£<LA 

— 

'  / 

/ 

— 

I 

i 

I 

1 

i 

j 

\ 

s 

- Sv  . 

/ 

< 

( 

j 

- j - 1 

I  t 

i  j 

j 

I  ; 

I  i 

- V - 

\ 

— 

— 

- f-  ■ 

i 

i 

I 

!  i 

[ 

- J _ 

0-3 


237 


SOl-STRUCTURE  INTERACTION 


Fig,  35  Tim#  Hfiitory  of  tf>#  CollapM  of  a  Fig,  36  Tim#  History  of  th#  Collops#  of  o  S<)uore 

Circular  Tube  Buried  in  Send,  Tub#  in  tb#  Two  OimeneiormI  Test  Rig 

otkI  Tested  in  the  24  Ft,  Rig  Using  Gloss  Rods  e#  tb#  Soil  Medium 
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REVIEW  Of  SOIL-STRUCTURE  INTERACTION 

by 

Carl  K.  Wi«hle* 


Interest  in  the  problems  associated  with  nucieor-blast  loading  on  underground  structures  dotes  from  about  1957. 

Prior  to  this,  interest  was  concentrated  on  the  lower  air  blast  regions,  where  drag  and  diffroction  type  structures  ond  free- 
fieid  phenomena  were  of  primary  concern.  Research  workers  were  interested.  Insofar  os  structures  were  concerned,  in  such 
porometers  as  the  looding  and  response  of  various  basic  shopes  and  in  their  effect  on  s(.ich  oir  blast  phencmeno  os  reflection, 
diffroction,  orxl  drug.  Although  the  term  "structure-medium  interaction"  could  have  been  used  for  these  problems,  there 
wos  really  r>o  need  to  spend  extensive  effort  on  research  to  describe  the  properties  of  the  medium  (with  the  exception  of 
initial  air  pressure)  from  the  star.dpoint  of  loading  and  response  of  structures;  ir>stead,  in  a  given  air  shock  environment  it 
wos  possible  to  odeguoteiy  describe  the  air  blast  looding  on  most  aboveground  structural  shapes  of  interest.  For  analysis, 
the  loading  on  the  structure  could  be  separated  and  investigated  independently  from  the  response  of  the  structure;  for 
example,  for  the  satisfactory  prediction  of  structural  behavior,  it  was  assumed  that  the  compressed  oir  in  intimate  contoct 
with  a  responding  structure  hod  negligible  effect  upon  the  most  and  effective  stiffness  of  the  structure. 

In  conjunction  with  the  formulation  of  nuclear-blast  food  prediction  methods  for  complex  geometric  shapes,  con- 
sidtfoble  effort  was  also  expended  for  determinirtg  the  dytximic  response  of  structures  and  structural  elements  (1,2,3). 

Tne  result  of  this  combined  research  effort  was  the  development  of  design  procedures  for  the  loading  and  response  of 
typical  aboveground  structures  subjected  to  nucleor  blast  forces  of  50  psi  or  less  (4,5,6). 

Although  early  protective  structure  research  was  primarily  concerned  with  the  aboveground  situotion,  a  .lumber  of 
nuclear  field  tests  were  conducted  to  determine  the  loading  and  response  of  underground  structures  (7-10).  To  design  these 
underground  test  structures,  the  engineer  utilized  his  knowledge  of  the  behavior  of  aboveground  blast-loaded  structures, 
together  with  his  knowledge  of  the  behovior  of  ordinary  underground  civil  engineering  st,  jctures.  In  general,  the  method 
o*  design  was  to  as»jme  a  lood  and  then  to  design  the  structure  by  conventional  structural  design  procedures.  Since  the 
assumption  was  usually  mode  that  the  ground  surface  peak  overpressure  could  be  applied  to  the  structure  os  a  static  load, 
these  designs  were  seldom  octual  dynamic  designs.  Soil -structure  interaction  wos  generolly  not  considered,  olthough  it 
wos  sometimes  occounted  for  by  modifying  the  lood  distribution  applied  to  the  structure  (9). 

Although  many  of  the  test  structures  remainder  intoct  during  o  nuclear  blost,  it  become  opparent  that  the  behovior 
of  the  structures  could  not  be  odequately  predicted  by  the  methods  availoble.  The  moin  reoson  for  the  discrepancy  between 
theory  ond  experiment  wos  doe  to  the  failure  of  mony  investigators  to  adequately  occount  for  the  interoction  of  the 
structures  with  the  surrounding  soil  media;  that  is,  the  loading  and  response  of  the  underground  stacture  could  not  be 
considered  os  independent  phoses,  os  wos  done  for  the  aboveground  dructurc. 

Determining  the  dynamic  looding  on  underground  structures  is  exceedingly  complex  since  it  involves  the  physical 
properties  of  both  the  structure  and  the  surrounding  soil  medium,  as  well  os  the  chorocteristics  of  the  input  stress  wave. 

The  structure,  by  its  very  presence  os  well  os  by  its  structural  response,  affects  the  distribution  of  free-fieid  stress  in  its 
vicinity.  For  instance,  the  ovolling  of  an  underground  cylindrical  structure  under  the  influence  of  o  stress  wove  traveling 
ocross  its  diometer  is  dependent  on  the  load  and  the  properties  of  the  structure.  The  load,  however,  is  portiolly  dependent 
on  the  deflection  of  the  structure  relative  to  the  soil,  which  is  itself  a  function  of  the  soil  properties.  This  interdependence 
of  the  soil  response  and  structure  response  is  a  major  difference  between  the  obovegrourxJ  and  the  underground  nuclear 
blast  environment. 

Even  though  the  design  of  underground  structures  s4A>jected  to  nuclear  blast  is  on  extension  of  the  design  of 
conventional  civil  engineering  structures  such  os  tunnels,  culverts,  and  retaining  walls,  it  is  somewhat  surprising  to 
examine  the  limitations  of  present  kn^  ledge  regarding  the  response  of  soil -structure  systems  even  to  static  loads. 

Although  some  basic  concepts  have  been  developed  which  have  led  to  useful  procedures  for  specific  design  problems, 
there  are  insufficient  quantitative  data  available  regarding  fundomentol  behavior  to  permit  development  of  general 
design  procedures.  Even  the  conventional  culvert  problem  is  difficult  if  the  parameters  ore  changed  beyond  their  usual 
limits  (1 1,12). 

Lack  of  knowledge  of  soil -structure  interaction  phenomena  has  placed  severe  limitations  on  the  ability  of 
engineers  to  confidently  extropolote  test  information  to  structurol  and  soil  types  that  va.y  appreciably  from  the  unique 
test  conditions.  It  is  apparent  that  considewble  work  must  be  done  before  adequate  design  procedures  ore  available. 

In  recent  years,  however,  there  hos  been  on  increased  research  effort  to  determine  the  basic  pherromena  involved.  The 
complex  probleim  of  the  interoction  of  stress  waves  with  inclusions  in  solid  medio  has  been  treated  extertsively  both 
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fh«or*tically  and  «xp«riimntaily  (15-25).  How«v«r,  b«cauM  of  th«  mathamotical  complexity  of  formulating  o  theory  to 
predict  the  behavior  of  o  structure  in  soil,  it  has  been  necessary  for  invMtigcrtors  to  moke  a  number  of  simplifying 
assumptions.  These  efforts  h«re  invoriobty  resulted  in  solutions  that  ore  mathematicolly  exact,  but  ore  generally  restricted 
to  o  specific,  highly  idealized  situation  in  elastic  media.  In  most  instances,  the  theories  postuloted  do  not  apply  directly 
to  the  design  of  structures  in  rsnl  soli.  (Although  the  theoretical  developments  are  very  importont  to  an  understonding  of 
soil -structure  interoctlon,  the  bosic  approoches  will  not  be  treoted  in  further  detail  in  this  paper.) 

Even  though  loi {'Structure  interoction  phenorrwna  are  not  completely  understood,  two  factors  are  recognized  as 
important  in  detwmining  the  kiod  on  the  underground  structure:  one  is  the  flexibility  of  the  individual  structurol  member 
and  the  other,  the  overoll  compressibility  of  the  structure  relative  to  the  soil  it  replaces.  (Of  course,  other  factors  must 
also  be  considered,  such  as  the  magnitude  of  the  ffee-fieid  stress  and  its  ottenuation  with  depth,  reflection,  refroction, 
virtual  moss,  and  notural  frequency  of  the  structure.)  Both  involve  what  is  commonly  referred  to  os  the  arching  phenomenon, 
i.e,,  the  ability  of  the  soil,  probably  by  virtue  of  its  shear  strength,  to  redistribute  the  stress  in  the  vicinity  of  an  inclusion. 
The  local  arching  of  soil  stress  around  a  deflecting  structurol  member  and  the  resulting  relief  of  a  portion  of  the  load  on  the 
member  is  universally  accepted  among  investigators,  (in  soil  mechanics,  this  is  the  orching  effect,  defined  by  Terzoghi  (26) 
for  the  ctassicol  static  case  of  the  yielding  platform.)  What  is  not  so  universally  recognized  by  engineers  is  the  arching 
onto  or  away  from  a  structure  (because  of  its  overall  stiffness)  c  d  the  resulting  increase  or  decrease  in  the  total  load  on 
the  structure  (24,25);  that  is,  for  a  soil  moss  undergoing  large  strains,  a  relatively  stiff  structure  would  be  subjected  to  o 
total  stress  greater  than  the  free-field  stress,  while  a  relatively  soft  structure  would  be  subjected  to  a  total  stress  less  than 
the  free-field  stress.  For  complex  structures,  it  is  a  combination  of  the  two  types  and  the  total  stress  may  be  either  greater 
or  less  than  free  field.  It  is  importont  that  an  engineer  concerned  with  the  design  of  biost-looded  underground  structures 
recognizes  this  and,  if  poteible,  accounts  for  it  in  his  design. 

It  should  be  empfxaized  that  present  knowledge  does  not  permit  a  quantitative  determination  of  numerical  values  for 
o  specific  soil -structure  interaction  problem  in  reol  soil.  However,  on  examination  of  the  troditionol  arching  theory  in 
0  soil  moss,  together  with  recent  investigotions,  can  provide  the  engineer  with  o  qualitative  understanding  of  the  concepts 
as  applicable  to  nucleor-blost  loaded  underground  structures. 

Terzoghi  (26,27)  treats  in  considerable  detail  the  now  classical  static  arching  effect  over  the  yielding  platform.  The 
cose  considered  is  that  cf  a  soil  mau  of  finite  depth  overlaying  a  rigid  bose.  Mounted  in  the  base  is  a  movable  strip, 
whose  top  surface  is  flush  with  the  rigid  base  (Figure  1).  An  arbitrary  lowering  of  the  strip  a-b  results  in  the  development 
of  shearing  resistance  b«ttween  the  soil  moss  attempting  to  move  with  the  strip  ond  that  which  remains  stationary.  Thi.  is 
indicated  in  Figure  1  b)^  the  upward  shear  forces  on  the  soil  moss  ir  luded  between  the  assumed  vertical  surfaces  of  sliding. 
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The  net  result  of  the  lowering  of  the  strip  is  o  decrease  in  total  lood  on  the  strip,  ond  on  increose  of  load  on  adjacent 
portions  of  the  rigid  base;  the  load  essentially  "arches'*  around  the  yieldir^  platform.  This  concept  of  arching  has  been 
applied  to  nucleor  blast  loaded  underground  structures  by  many  investigators  for  both  static  and  dynamic  conditions  (4,21, 
24,25,28);  it  has  been  defined  by  Moson  (24,25)  as  the  "octive  archir>g  cose."  Terzoghi’s  orching  effect,  or  octive  arching, 
would  apply  to  on  underground  structure  whose  overall  compressibility  was  more  than  the  soil  It  replaces,  as  shown  in 
Figure  2.  The  upper  portion  of  the  figure  shows  on  idealized  structure  with  uniform  properties  which  is  embedded  in  a  soil 


COMPRESSIBLE 
STRUCTURE 


(a)  BEFORE  SURCHARGE 


1 


(b)  AFTER  SURCHARGE 

Pig.  2  Oisplocements  Within  a  Soil  A4oss  With  on  Inclusion  More  Compressible  Thon  the  5oil 

mott  prior  to  the  application  of  a  surcharge  load.  The  horizontal  dashed  lines  indicate  typical  planes  of  equal  soil 
ele\'ation.  After  application  of  the  surchorge,  the  structure,  shown  in  the  bottom  portion  of  the  figure,  hos  compressed 
vertically  a  greater  amount  than  on  initially  equal  lertgth  of  soil  column  in  the  free  field.  The  horizontal  soil  plones 
hove  now  token  a  generic  shape  similar  to  that  shown,  ond  the  overage  stress  on  the  structure  is  leu  than  the  free-Reld 
soil  streu. 

Active  arching  can  also  hove  important  implications  when  it  is  necessary  to  determine  the  distribution  of  lood  on  a 
member  of  an  underground  blast-loaded  structure.  For  instortce,  consider  the  roof  of  a  rectongulor  structure  that  is  buried 
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in  a  soil  moss  undergoing  a-f  increose  in  stress  shown  schematically  in  Kigure  3.  As  the  roof  member  deflects  under  the 
loading  (indicated  by  the  dashed  lines  in  figure  3),  it  is  obvious  that  the  soil  at  the  center  of  the  roof  tends  to  displace  a 
greater  relative  amount  than  the  soil  O'  er  the  supports.  (The  use  of  these  center  displacements  to  justify  the  application 
of  the  active  arching  case  across  the  entire  roof  is  disputed  by  some  investigators,  since  the  member  hos  o  cor/tinuously 
varying  absolute  displocoment  across  its  entire  span  rather  than  a  uniform  displocement  as  ossumed  ;n  the  Terroghi  orching 


i 


t 


Fig.  3  Schematic  of  Roof  Deflection  of  Locded  Undergro<jnd  Structure 

theory.  However,  since  this  is  somewhat  analogous  to  the  active  arching  cose,  it  is  quite  probable  that  a  portion  of  the 
io<jd  arches  awoy  from  the  center  ond  toward  the  supports.)  Current  onalytical  procedures  predict  a  decrease  in  the  total 
load  on  such  a  structure.  This  may  or  may  not  be  correct,  since  it  should  be  remembered  tho'  an  octuol  decrease  in  tlie 
total  lood  for  the  situation  described  has  isot  been  corrcborated  by  sufficient  three-dimensional  tests  of  underground 
structures  subjected  to  large  nuclear  blost  forcej.  In  any  event,  a  redistribution  of  stress  on  the  member  would  occur  and 
this  in  itself  can  be  very  important  in  »he  design  of  a  specific  structurol  member. 

A  problem  which  has  been  given  considerable  ottention  in  civil  engineering  technical  literoture  is  the  deter¬ 
mination  of  static  earth  loods  on  underground  structures  such  as  culverts  which  project  obove  the  notural  ground  surface 
and  are  then  covered  with  a  soil  fill .  A  review  of  this  case  is  given  by  Van  Horn  (29),  who  shows  thot  the  pressure 
exerted  on  the  top  surface  of  a  structure  can  be  greater  then  the  weight  of  soil  above  the  structure.  Mason  (24,25)  con¬ 
sidered  an  analogous  cose  in  some  detail  as  opplicoble  to  underground  protective  structures,  and  defined  it  as  the  "passive 
arching  case."  In  this  concept,  if  the  overall  compressibility  of  on  underground  structure  is  less  thon  the  soil  it  replaces, 
a  stress  wove  impinging  on  the  structure  will  result  in  on  averoge  load  on  the  structure  greater  than  the  free-field  stress; 
maximum  load  on  a  given  structure  would  occur  if  it  were  rigid. 

The  general  concept  is  illustrated  In  Figure  4,  where  an  ideolized  structure  with  uniform  properties  is  embedded  in 
a  soil  of  greater  compressibility.  The  upper  portion  of  Figure  4  shows  o  rigid  structure  prior  to  opplication  of  the  surcharge 
load,  and  the  horizontal  dashed  lines  indicate  typical  plones  of  equoi  elevation.  After  opplJeotion  of  the  surcharge,  the 
structure,  shown  in  the  bottom  jortion  of  Figure  4,  has  compressed  verticolly  o  less  omount  than  on  initially  equal  length 
of  soil  column  in  the  free  field.  Again,  the  horizontol  soil  planes  hove  some  generic  shape  similar  to  that  shown. 

Becouse  of  the  differentiol  stroin  between  the  free-field  soil  ond  the  structure,  there  is  a  redistribution  of  stress  by  means 
of  the  shear  strength  of  the  soil,  and  a  resulting  increase  in  average  stress  on  the  structure. 

To  find  a  solution  to  the  static  passive  arching  case  similar  to  that  presented  by  Terzaghi  for  the  static  active 
arching  cose.  Mason  (24,25)  utilized  identical  mather^xxticol  principles.  The  important  difference  in  this  concept  is 
shown  in  Figure  5,  where  on  idealized  rigid  structure  is  embedded  In  a  soil  mass  subjected  to  a  vertical  load.  As  the 
loaded  soil  moss  moves  downward,  a  shearing  resistance  is  developed  between  the  odjocent  soil  mass  attempting  to  move 
past  the  structure  and  the  soil  moss  included  between  the  arbitrary  vertical  surfoces  of  sliding.  The  net  result  is  a  decrease 
of  rhe  load  on  adjacent  portions  of  the  surrounding  soil  moss  and  on  increase  in  the  lood  on  the  structure.  Although  the 
equations  developed  do  not  include  inertia  effects,  considerable  experimental  corroboration  for  the  static  case  has  been 
obtained  using  small  structure  tests  (24,25).  Test  results  indicate  that  the  overstress  for  dynamic  loods  is  even  greater 
than  for  static  loads. 

in  summory,  the  overage  lood  on  an  underground  structure  subjected  to  nuclear  blast  forces  con  be  either  less  or 
greater  thon  the  free-field  streu,  depending  on  the  properties  of  the  soil  ond  the  structure.  Under  the  concept  of  relative 
compressibility  between  the  structure  and  the  soil  it  reploces,  equations  h-we  been  developed  that  define  the  octive  orsd 
passive  arching  cases  for  static  loads,  in  the  active  arching  case,  the  overaii  compreuibility  of  the  structure  is  con¬ 
ceived  to  be  greater  than  that  of  the  soii,  for  any  given  streu  field,  and  the  average  streu  on  the  structure  is  leu  than 
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Fig.  4  Displac«mffntf  Within  a  Soil  Mens  With  on  Inclusion  Lost  Comprossibl*  Thon  th«  Soil 

froo-fiold  streu.  In  th«  passive  cos*,  the  structure  it  lost  compressible  thon  the  toil  and,  therefore,  the  average  stress 
on  the  structure  is  greater  than  free  field.  When  considering  full-size  undergroursd  structures,  it  is  obvious  that  the  load 
on  the  structure  is  dependent  on  both  the  structu  e's  overall  compressibility  and  the  flexibility  of  individual  structural 
members.  For  most  protective  structures,  it  is  probable  that  a  combination  of  both  passive  and  active  arching  is  involved; 
that  is,  the  overall  compreuibility  of  the  structure  could  be  such  that  there  would  be  a  greater  average  load  on  the 
structure  through  passive  arching,  whereas,  the  flexibility  of  o  structural  men4>er  could  result  in  a  reduction  or 
modification  of  stress  distribution  on  the  structure  through  active  arching. 
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RIGID  STRUCTURE 


Fig,  5  Assumed  Surfaces  of  Slidirtg  in  a  Looded  Soil  Moss  With  a  Rigid  Inclusion 
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STRUCTURAL  DESIGN  TRENDS  IN  BURIED  FLEXIBLE  CONDUITS 

by 

Reynold  K.  Watkins* 


W. 


pD  ASSUMED  SOIL  LOAD 


VERTICAL  SOIL 
PRESSURE 


The  u'"  or’  Ouried  conduits  will  increase  in  the  future  because  of  the  increosing  use  of  soil  os  a  rnaterial  of  con¬ 
struction.  This  is  due  to  the  obvious  advantages  of  soil  in  defense  installations;  but  it  is  also  due  to  improved  sol!  engi¬ 
neering  and  to  the  economy  of  soil  structures.  The  cost  per  yord  for  handling  soil  is  less  than  before  the  turn  of  the 
century.  This  increased  use  of  soil  will  apply  not  only  to  the  njrrher  of  installations  but  the  variety  of  installations. 

Of  course  soil  structures  require  buried  conduits  and  fi''’^v  new  shapes  and  unprecedented  sizes  of  conduits  will  be 
called  for  in  the  future.  Already  there  is  an  urgent  demand  for  i  ore  accurate  and  rrore  extensive  design  methods. 
Fortunately  some  research  data  is  current'/  available.  The  object  of  this  paper  is  to  shorten  the  lag-time  between  currerit 
research  and  its  reduction  to  practice. 

Buried  conduits  are  defined  as  structures  which  maintain  a  passageway  through  soil.  The  cross-sectional  shape  of 
the  passageway  may  be  almost  anything  and  the  passageway  may  be  used  for  the  transport  of  almost  anything:  electric  lines, 
pipelines,  fluid  flow,  traffic,  etc.  Buried  conduits  are  usually  classified  os  either  rigid  or  flexible.  In  the  design  of  .igid 
conduits,  the  conduit  itself  is  the  basic  structure.  In  Figure  1  a  free- body  diagram  is  drawn  of  the  rigid  conduit  ring  which 
is  designed  to  withstand  soil  loads.  In  marked  contra¬ 
distinction,  a  very  flexible  conduit  must  not  be  con¬ 
sidered  as  the  basic  load  supporting  structure.  On 
the  contrary,  ii  serves  as  a  form  to  retain  the  shape 
of  the  passageway  or  as  a  reinforcement  or  a 
boundary  condition  for  the  soil,  but  the  soil  itself 
becomes  the  basic  load  carrying  structure.  Under 
these  circumstances,  a  soil  displacement  theory  of 
failure  or  a  soil  shear  plane  theory  of  failure  is  more 
rational  than  maximum  stress  in  the  conduit.  It  may 
be  an  enormous  mathematical  chore  to  evaluate  the 
equations  for  a  soil  failure  or  a  soil-conduit  system 
failure;  but  as  computer  capability  increases, 
solutions  by  numerical  methods  become  promising. 

Even  more  important,  the  soil-conduit  system  con¬ 
cept  emphasizes  the  structural  importance  of  the 
soil  rather  than  the  conduit  alone,  and  so  approximate 
design  methods  will  become  more  rational. 

In  the  spectrum  of  buried  conduit  design, 
the  flexible  conduit  will  be  at  one  end.  It  depends 
upon  pioper  design  and  placement  of  a  basic  sol! 
structure.  At  the  other  end  of  the  spectrum  will  be 
the  rigid  conduit  as  the  basic  structure.  It  can 
support  low  grade,  uncompacted  soil  os  well  as 
good  soil.  Additional  studies  will  fill  in  the  spectrum 
between.  Design  trends  are  already  appearing  in 
codes  of  practice  and  pipe  manufacturers  manual 

of  design  and  installation.  c-  ,  t  •  i  c  -i  i  j-  a  r  o  ■  u /-  j 

Fig.  I  Typical  Soil  Loading  Assumptions  for  Buried  Conduit 

History  of  Flexible  Conduit  Design 

Design  trends  spring  from  previous  practices;  so  the  history  of  buried  conduit  design  must  be  reviewed.  At  first 
most  flexible  conduit  design  was  based  on  a  change  in  the  diooieter  of  the  ring.  Using  the  ring  as  a  free-body  diagram 
(Figure  2),  assuming  elliptical  deformation,  and  assuming  the  soil  lood  shown,  M.  G.  Spangler  (1)  derived  the  lowu 
Formula  for  predicting  the  increase  in  horizontal  diameter  AX  of  circular  conduit  as  o  function  of: 
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r  -eiticai  «Dii  preis  te  at  top  oT  cor.dui*, 
D  conduit  dioTiet*-  , 

E!  -  conduit  woll  stiffness,  and 
£'  soil  rroduius. 


The  Iowa  Formula  is: 


Ax 

TT 


-  0.01 


(#) 


1  +  0.008 


(^)J 


A  maximum  deflection 


Ax 


M  maxinium  oeiieuiiuii  -jj —  was  specified  for  design .  For  many  installat 

— p—  was  not  a  critical  condition  of  failure.  For  example,  if  a  very  flexible  ring 
compacted  granular  fiil,  buckling  of  the  pipe 
wall  will  occur  before  any  significant  change 
in  diameter.  The  ring  compression  theory  was 
recommended  by  Howard  White  (2)  as  an  alter¬ 
native  design  under  these  ciirumstances.  The 
ring  compression  theory  simply  requires  that  the 
tangential  compressive  stress  in  a  conduit 
wall  be  less  than  the  allowabie  wall  strength 
(Figure  3);  i.e.,  ^  ^ 

where 

p  =  vertical  soil  pressure  at  top  of  conduit, 

D  =  horizontal  span  of  conduit, 

A  =  cross-sectional  area  of  the  conduit 
wall  on  each  side,  and 
S  =  allowable  stress  (strength)  in  the 
conduit  wall . 


This  analysis  is  adequate  provided  that  the  fill 
is  so  rigid  that  deformation  of  the  ring  is  negli¬ 
gible.  (A  predictable  deformation  may  be 
analyzed  under  special  circumstances.)  Such  a 
condition  is  met  in  many  compacted  fill  instal¬ 
lations  such  as  interstate  highways.  This 
condition  is  not  met  if  the  soil  is  loose,  viscous 


ions,  however,  it  was  found  that 
is  carefully  embedded  in  a  well- 


WALL  STIFFNESS 

v 

PARABOLA 


h  =  MAXIMUM 
LATERAL 
PRESSURE 


BY  DEFINITION 


Fig.  2  Loading  Assumptions  for  Iowa  Formulo 


or  plastic.  For  fluid  pressure,  the  theory  of  buckling  by  static  fluid  loading  is  best.  This  theory  depends  upon  the 
equation 


jiU2i  =  24 
El  SF 


or 


B- 

E 


\  r  / 


_  24 
A  “SF 


where  SF  =  safety  factor, 

p'  =  the  radial  fluid  pressure,  and 

r  =  radius  of  gyration  of  cross-sectional  area  of  conduit  woll . 


For  the  range  of  soil  types  between  a  very  rigid  fill  and  a  fluid  fill,  a  combination  of  ring  compression  and  fluid 
buckling  can  be  used  (3,4).  This  theory  is  analogous  to  the  classical  theory  of  column  design  wherein  the  allowable 
stress  fc  ~  ^  plotted  as  a  function  of  slenderness  ratio()/E)(l/r)^  as  shown  in  Figure  4,  where: 

p  -  load  on  column, 

A  =  cross-sectional  area, 

L  =  length  of  column, 

r  =  least  radius  of  gyration  of  cross-sectional  area,  and 
E  =  modulus  of  elasticity . 
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!n  Figu.'a  5  (he  allowably  wall  stres!  Is  plotted  as  a  function  of  ring  flexibility  for  a  circular  conduit  configuration.  Note 
that  the  ordinate  fg  =  is  analogous  to  the  column  design  ordinate  fg  “  obscissaO/E)  (D/r)^  Is  analogous  to 

the  column  design  abscissa  0/E)  (l/r)^.  A/tereovar,  for  a  very  thiclc-walled  conduit,  as  for  a  thick  column,  the  allowable 
design  stress  Is  fg  =  yield  strength  of  materlol;  or  J  for  a  very  flexible  conduit,  as  for  a  very  slender  column,  the  allowable 
stress  plots  os  a  hyperbole.  This  applies  to  static  fluid  fill  or  soil  with  a  soil  modulus  of  E*  0.  Now  if  the  fill  Is  soil  with 
shearing  strength,  the  allowable  stress  curve  Is  raised  above  the  static  fluid  hyperbola.  For  a  rigid  fill  with  o  soil  modulus 
E*  approaching  infinity,  the  allowable  stress  approaches  the  ring  compression  buckling.  Recent  tests  show  that  the  strength 
curves  in  soil  approach  horizontal  asymptotes  as  conduit  flexibility  increoses. 


Fig.  5  Ring  Eluckling  Curves  for  Buried  Flexible  Pipes 
TRENDS  IN  THE  STRUCTURAL  DESIGN  OF  COMMON  SOIL-CONDUIT  SYSTEMS 


A  pipe  is  a  conduit  with  a  circular  crotis- 
section.  Failure  occurs  if  the  soil-pipe  system 
does  not  perform  as  intended;  for  example,  the 
system  foils  If  the  passogewoy  Is  so  deformed  that 
if  cannot  perform  its  transport  function.  Also 
failure  occurs  if  the  soil  surrounding  the  pipe  is 
so  displaced  that  it  connot  perform  its  structural 
functions.  In  either  event,  failure  may  be  measured 
by  deforrrxition  of  the  pipe  cross-section .  Two 
basic  types  of  deformotion  have  been  observed  as 
shown  in  Figure  6:  flattening  of  the  pipe,  and 
buckling  of  the  pipe  woll. 

Of  course  bucklirsg  is  effected  by  flat¬ 
tening.  The  allowable  extent  of  deformation  is 
left  op  to  the  design  engineer  with  this 
observation:  a  permonent  pipe  deformation  does 
rxjt  necessarily  result  in  failure.  It  is  true  that 
once  buckling  has  commenced  the  resistance  of 
the  pipe  to  soil  pressure  is  greatly  reduced;  but 


(a)  RING  FLATTENING 


(b)  RING  BUCKUNG 


Fig.  6  Two  Types  of  Structural  Ring  Failure  of 
Buried  Flexible  Pipes 
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or  fhe  rjfHef  rone,  buc‘'iin<5  dect<»c5e5  *'’\e  rros»-tfc'  one'  i^erj  e  onrj.  *  ;n'-;  vj  ‘  or  Tr-e  vo 

jtrijc»ufe  iHel*  moy  b»  able  ‘o  iijpport  additionoi  prei^jres  ivi>r  no  eisress  nKatnoe.e'  |n  gencrjl,  oii.e  j^ng  Luf..  r,ig 
must  be  clossl^led  as  failure  even  tbouyh  the  ring  may  not  collapse  by  snop  through  It  Is  .try  probable  thet  m  ‘uture 
methods  will  be  Introduced  to  purposely  relieve  soil  pressures  on  the  pipe  in  order  to  reduce  chance  for  buckling 

If  the  soil  cross-sectionol  area  decreases  per  unit  area  (compressibility)  more  than  the  pipe  cross-sectionoi  orec, 
the  load  on  the  pitte  will  exceed  p  and  the  tatsgentlal  stress  in  the  pipe  woll  will  exceed  pD/2A.  This  is  shown 


schematical  iy  in  Figure  7a.  If  the  pipe  ring  Is  very  flexible,  radial  soil  pressure  everywhere  on  the  pipe  will  be  constant 
and  O’]  on  soil  stress  element  "0"  will  be  greater  than  p.  O'  ^  ^  I***  P  because  the  conduit  is  carrying  so  much 

of  the  load. 


Compressible  Soil  Noncompress ibie  Soil 

Fig.  7  Soil  Stress  Element  at  Spring  Point  of  Flexible  Buiied  Conduit 


If  the  value  of  K  =  ‘^j/  ”2  greater  than  (1  +  sin^/(l  -sinjS)  (where  0  =  soil  friction  angle)  then  a  shear  failure  plane 
will  start  in  the  soil  at  this  point. 

If  on  the  other  hand  the  soil  is  less  compressible  than  the  pipe,  os  shown  in  Figure  7b,  then  O’  1  may  be  anything 
between  p  and  3p  and  g  may  be  anything  between  zero  and  p.  If  K  =  ^j/  *^3  is  greater  than  (1  +  sin|l)/(l -sinjfJ)  for 
the  soil,  then  o  shear  failure  plane  will  start  ot  that  point  0.  Some  simple  model  studies  have  inaicoted  that  the  shear 
failure  plane  forms  as  shown  by  dotted  line  in  Figure  7b.  This  sheor  plane  may  not  progress  for,  however,  because 
generolly  the  ratio  K  =  ^|/  *^3  decreases  os  the  disfonce  from  the  pipe  increases.  The  soil  below  the  shear  plone  is 
confined  in  o  dense  stole;  but  os  shearing  action  progresses,  the  soil  above  the  shear  plone  moves  down  forming  a  zone 
of  shear  failure  in  which  the  soil  is  loosened.  Of  course  a  concentrated  surface  lood  over  the  pipe  will  aggravate  the 
shear  plone  foUure. 

One  way  to  relieve  stress  In  the  pipe  ring  is  to  reduce  pipe  area,  i.e. ,  slotted  rivet  holes  in  the  iorsgitudirtol 
seam.  But  a  more  practical  stress  releose  trich  may  be  ovoiloble  in  the  design  of  the  soil  fill.  The  bosic  concept  is  to 
coratruct  a  well  compocted  suii  arch  over  the  pipe  01  shown  in  Figure  8.  Ideally  the  trench  or  site  should  be  over- 
excavated  and  a  solid  footing  for  the  arch  should  be  provided.  A  dernely  compocted  or  stabilized  structurol  soil  arch 
should  then  be  constructed  up  over  the  pipe  but  with  o  loose  soil  cushion  immediately  ndjnrent  *0  the  pip#  »n  pcrtiolly 
relieve  the  pipe  of  soil  pressure.  This  method  is  promising  for  very  lorge  flexible  conduits.  ProcticoMy  the  cushion 
might  be  provided  by  specifying  that  hond  compaction  devices  be  kept  a  minimum  distance  away  from  the  pipe  os  shown 
in  Figure  9.  Or  even  more  ideolly,  in  the  future,  machines  nwy  be  devised  which  will;  I)  compact  end  form  the 
beddirsg;  2)  place  li^ts  of  soil  simultaneously  on  both  tides  of  the  positioned  conduit  while  holding  pipe  shape;  and 
3)  compact  the  toil  to  form  o  soil  arch  leaving  o  toil  cushion.  At  present  reseorchers  are  considering  the  design  of  the 
soil  arch  and  in  the  rteor  future  may  hove  a  successful  onolyticol  method  for  determinirsg  the  size  ond  shape  of  the  soil 
arch  and  the  omount  o  compaction  required  for  o  given  toil  type  ond  a  given  cortduit. 

The  concept  of  the  soli  arch  is  importont  in  the  design  of  multiple  porollel  pipes.  It  It  imperotive  that 
ersough  densely  compocted  soil  be  placed  between  pipes  to  serve  at  columns  to  support  the  soil  arches  over  the  pipes. 
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Noncircular  Conduits 

One  oddltiorxil 
concept  is  required  For  the 
design  of  noncircular 
flexible  buried  conduits 
which  include  arches,  pipe 
arches,  vertically  elongated 
(VE)  pipes,  horizontally 
elongated  (HE)  pipes,  etc. 

In  most  conduit  installations, 
shearing  stresses  between  the 
soil  and  conduit  surface  may 
be  ignored.  The  coefficient 
of  friction  is  generally  low, 
and  dynamic  loads,  especially 
vibrations,  tend  to  relieve 
any  shearing  stresses  that 
might  develop.  If  no 
shearing  stresses  are  involved, 
the  stresses  between  the  soil 
and  the  conduit  are  rtormol 
arsd  the  tangential  com¬ 
pressive  force  C  in  the  con¬ 
duit  wall  is  constant  around 
the  entire  conduit 
(Figure  10)  and  is  equal  to: 

C  =  p'R  where  p'  =  radial 
soil  pressure  at  any  point 
and  R  =  radius  of  curvature 
at  the  same  point. 

On  a  noncircular 

cross  section,  if  R  increoses, 

p'  decreoses  and  vice  verso. 

As  for  as  the  conduit  is  conce 

design  is  simply 

f  =  C/A  <  ollowoble  stress, 
c 


Fig.  8 


SOLID  FOOTING 


Concept  of  Compacted  Soil  Arch  with  Cushion  to  Relieve 
Stress  in  Buried  Flexible  Pipe  (Note  Loose  Soil  Cushion) 


Fig.  9  Method  of  Compoction  by  Which  Conduit  Shape  is  Maintoined 
and  Ring  Compression  Load  is  Reduced  by  Loose  Soil  Cushion 
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TRENDS  Ih!  THE  ST'^I  iCTIJRAL  DESIGN  OF  SPECIAL  SOIL-CONDUIT  SYSTEMS 
Montymmetrlcol  Loodi 

There  are  many  occasions  where  a  nonsymmefrlcol  lood  is  applied  to  a  soil-conduil  system.  One  typical  example 
is  indicated  in  Figure  1 1 .  Tests  have  been 
conducted  on  nonsymmetrical  loading  for 
relatively  rigid  pipes;  but  very  little  work  hos 
been  done  on  flexible  conduits  and  non-  p 

circular  conduits.  An  approximate  solution  J  I  C  ^ 

for  the  special  case  of  a  uniformly  distributed  ^  -  |^  _  \ 

static  load  over  one-half  of  the  conduit  width  \ 

(Figure  11),  has  been  used  successfully .  \ 

Failure  is  here  defined  as  complete  collapse  ^ 

or  snap-through  of  the  top  half  of  the  conduit.  j 7  \* 

The  analysis  is  based  on  a  sliding  wedge  theory  if  \  _  ^ 

of  failure  with  a  conduit  so  flexible  that  the  rT  *  \  *1  J  *  ^  2 

radial  soil  pressures  are  constant  about  the  \  \  \  /f 

entire  corrdult  ring.  Shearing  stresses  \\  \  j  /  J' 

ogoinst  the  conduit  are  ignored.  The  worst  \ 

shear  failure  plane  angle  8  can  be  found  by  •  V  / 

iteration.  The  curves  shown  in  Figure  12  ^ j 

give  the  minimum  height  of  soil  cover  mR  AC 

required  to  resist  a  collapse  failure  due  to  T 

the  uniformly  distributed  load  q  acting  at 

the  soil  surface  over  one-half  the  pipe  Pja,^P,R2  =  c 

diameter.  This  analysis  is  particularly 
important  in  the  placement  of  very  large, 

flexible  pipes  to  ascertain  the  mimimum  d  j*  i  b.  i  r  n  'li  /-  j  •.tire 

.  .  1 .  r  •  jL  f  •  f'9-  '0  Radial  Pressure  p' for  Flexible  Conduit  if  Shearing 

height  of  cover  required  before  earth  moving  “  .  ^ 

.  . _ _  ,  Pressures  ore  Neglected  (Force  C  is  constant) 

equipment  compactors  etc .  con  LOAD  =  q  D/2 

operate  over  the  pipe.  This 

particulor  loading  condition  is  not  SURFACE 

greotly  different  from  the  worst  T-DireetiDr'  _  <— •■ 

possible  looding  condition*  n-L-— ^ 

A  similar  analysis  has  been  J  —  L  WEDGE  2 

applied  too  verticolly  elongoted  MOVES  UP 

(VE)  pipe.  The  minimum  computed  "wEd'ge'i’’^^^^^  •  . 

soil  cover  is  shown  in  the  plot  of  p  R  =  p  R  MOVES  ^ 

Figure  13.  Proportional  values  11  2  2  •• nriWM- 

may  be  used  for  other  q-looding  AT  INCIPIENT  jf 

values  os  determined  from  FAILURE  f  / 

Figure  12.  R.  =  R,  I  /  /  / 


Fig.  10  Radial  Pressure  p'  for  Flexible  Conduit  if  Shearing 
Pressures  ore  Neglected  (Force  C  is  constant) 
LOAD  =  q  D/2 


SURFACE 
PRESSURE  =  q. 


f  j;.  v  *  .V  l  %.•.} ;  :• 
\irr-  WEDGE  rv'- 


WEDGE  2 
MOVES  UP 


AT  INCIPIENT 

failure 
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Slobs  Over  Buried  Flexible 

Conduitr 

Oftimes  it  is  .necessary  to 
operate  equipment  over  the  top  of 
a  buried  flexible  conduit  with  in- 
odequote  soil  cover.  Under  such 
circumstances,  a  slob  moy  be 
needed  as  shown  in  Figure  14a. 

In  designing  the  slob,  it  should  be 
recognized  that  if  the  soil  is 
densely  compocted,  the  center  of 
the  slob  will  hove  the  greatest 
tendency  to  settle;  and  so  a 
reasonably  conservefive  reaction 
diogram  for  a  concentrated  load 


w 


'^COMPLET 


COLLAPSE  / 
/ 

/y 


U -  D  =  2R  - J 

Fig.  II  Slidirtg  Wedge  Theory  of  Failure  of  Buried  Flexible  Conduit  Due 
to  Surface  Pressure  q  Above  Half  of  Pipe 
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in  th«  center  of  the  slab  might  be  that 
shown  in  Figure  Mb  with  o  maximum 
moment  of  M  =  -fr  pD.  This  problem 
needs  oddilionol  attention  because  in 
many  installations  economy  justifies  a 
sti^f  slob  directly  over  the  conduit  rather 
ttxsn  a  higher  fill  or  o  stronger  conduit. 
The  slob  should  extend  for  enough  beyond 
the  conduit  width  to  prevent  the  sliding 
wedge  failure  indicated  in  Figure  11.  An 
extension  of  0/4  is  adequate  if  the  fill  is 
good. 

Cone-dwped  Soil  Pipe 

For  reasons  of  economy,  more  and 
more  soil  is  being  loaded  from  beneath 
conical  stockpiles  by  dropping  it  through 
gates  in  conduits  placed  under  the  piles 
os  shown  in  Figure  15a.  The  only  new 
problem  in  this  case  is  the  determination 
of  vertical  soil  pressures  at  the  bottom  of 
the  conical  pile  of  soil .  Of  course 
settlement  of  the  supporting  base  would 
moke  some  difference  in  the  soil  pressure 
diagram,  however,  the  maximum  pressure 
would  occur  if  the  base  were  assumed  to 
be  rigid  with  no  differential  settlement. 
Under  this  ossunfstion,  calculations  show 
the  pressure  distribution  diogrom  pressure 
equal  to  approximately  two-thirds  of  the 
pressure  which  would  be  calculated  using 
the  height  of  the  cone  times  the  unit 
weight  of  the  soil. 
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q  (psf)  SURCHARGE  LOAD  DISTRIBUTED 
OVER  HALF  WIDTH 


ASSUMPTIONS 

V  =  no  P.C.F,  =  UNIT  WEIGHT  OF  SOIL 
<i>  =  35°  =  SOIL  FRICTION  ANGLE 
C  =  0  =  SOIL  COHESION 
El  =  0  =  PIPE  WALL  STIFFNESS 

CIRCULAR  PIPE  CROSS  SECTION 


Fig.  12  Minimum  Height  of  Soil  Cover  Required  to  Resist  Failure 
of  Burled  Flexible  Conduit  with  o  Surfoce  Pressure  Over 
Half  of  the  Pipe 


Miscelloneous  Considerotions 

Very  little  hos  been  done  yet  in 
the  analysis  of  flexible  conduits  beneath 
the  water  table.  There  should  be  a 
distinction  between  drainage  conduits  and  water  tight  conduits  in  such  cases.  The  woter  not  only  develops  hydrostatic 
pressure,  with  increased  possibility  of  conduit  buckling,  but  It  also  decreoses  the  sheering  strength  of  the  surrounding 
soil  by  decreasing  the  intergranular  pressure. 

Analysis  of  cohesive  soil  fill  is  in  demond.  On  numerous  jobs  the  soil  contains  enough  binder  to  develop 
cohesion  which  in  turn  may  materially  olter  the  performance  of  the  soil-conduit  system.  In  foct,  future  design  might  well 
toke  into  account  the  possibility  of  stabilizing  a  soil  arch  over  the  conduit,  to  increose  cohesion. 

No  theory  os  yet  takes  into  occount  the  difference  in  soil  depth  between  the  crown  of  the  pipe  and  the  spring  lino. 
Present  theories  ore  based  on  o  soil  pressure  at  the  level  of  the  top  of  the  pipe.  These  assumptions  ore  odequate  for 
instolloflons  In  which  the  height  of  soil  cover  over  the  pipe  is  large  In  comporlson  to  the  difference  in  elevation  between 
the  crown  ond  the  spring  lines;  but  in  the  design  of  very  lorge  flexible  buried  conduits  this  assumption  is  not  reolistic . 

There  ore  but  o  few  of  the  structural  design  trends  in  buried  flexible  conduits.  Many  others  will  be  forthcoming. 


The  need  is  urgent. 
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RATIO 


ASSUMPTIONS 

>  =  110  P.C.F.  =  UNIT  WEIGHT  OF  SOIL 
<t>  -  35°  =  SOIL  FRICTION  ANGLE 
C  =  0  =  SOIL  COHESION 
El  =  0  s  CONDUIT  WALL  STIFFNESS 
a  ^  400  P.C.F.  OVER  HALF  CONDUIT  WIDTH 
m  =  0.5 

Fig.  13  Minimum  Height  of  Soil  Cover  Required  to  Retist  Failure  of 
Buried  Flexible  Pipe  with  Two  Different  Ring  Radii 


Fig.  I4a  Slab  OvT'  Buried 
Flexible  Pipe 


Fig.  14b  Auumed  Parabolic  Loading 
on  Slab 
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Fig.  15a  Conical  Pile  of  Soil  Over  Burled  Fig.  15b  Soil  Preijore  Diagrom  Along  Conduit 

Flexible  Conduit  Auuming  No  Support  Settlement 
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A  STUDY  OF  LOADS  ON  UNDERGROUND  STRUCTURES 

by 

D.  A.  Vcn  Horn* 


ABSTRACT 

!n  this  paper  on  unalyticol  method  is  presented  for  determining  the  loods  on  underground  structures  induced  by  time- 
dependent  air  overpre .b.  res  of  the  type  resulting  from  nucleor  blasts.  The  first  port  is  devoted  to  the  development  of  on 
analytical  method  for  evaluating  the  loads  produced  by  static  overpressures,  and  is  based  on  principles  set  forth  as  a  result  of 
theoretico!  and  experimentoi  work  conducted  by  Morston,  Sfxingler,  ond  associates,  (1, 2, 4, 5)  at  Iowa  State  University  during 
the  period  1909-1952.  in  this  method,  the  major  importonce  of  the  method  of  instoilation  of  the  structure  and  the  fill  material 
is  emphasized,  and  the  effects  of  the  various  factors  related  to  construction  procedure  are  taken  into  occount  in  the  develop¬ 
ment.  In  the  second  port,  the  onoiysis  is  extended  to  include  the  effects  of  time-dependent  overpressures.  The  method  pre¬ 
sented  is  based  on  a  procedure  published  in  I960  (3)  by  engineers  at  the  Illinois  Institute  of  Technology  Research  Institute, 
ond  reflects  the  principles  set  forth  in  the  theory  of  stotic  loads. 

STATIC  OVERPRESSURES 


Introduction 

On  the  subject  of  static  loads,  the  most  extensive  analytical  and  experimental  work  has  been  directed  toward  the 
deteimination  of  loads  on  underground  conduits.  Much  of  the  early  work  con  be  attributed  to  rhe  late  Dean  Anson  Morston 
and  his  associates  ot  Iowa  Stote  University.  Professor  M.  G.  Spangler,  a  student  and  long-time  friend  of  Dean  Marstofi,  was 
responsible  for  perpetuating  the  work  and  has  done  much  writing  on  the  subject  The  theories  developed  by  Morston  and 
Spangler  form  the  core  of  currently  accepted  design  proctice  for  underground  condu'ts.  The  following  onoiysis  of  the  effects 

of  sfotic  loads  is  based  on  on  extension  of  these  theories  to  include  the  effect  of  a  srotic  uniform  overpressure  and  the  possible 

effect  of  cohesion. 

In  a  consideration  of  loads  on  an  underground  structure,  it  would  oppecr  that  the  load  due  to  the  soil  overburden 
would  be  equal  to  the  v/eight  of  the  sol!  prism  directly  obove  the  structure  (Figure  I).  However,  research  and  study  hove 
shown  that  'he  actuol  resultant  load  may  be  either  greater  or  less  than  the  actual  weight  of  the  soil  prism.  It  has  been  found 
that  the  mognitude  of  the  load  is  a  function  of  both  the  weight  of  the  prism  end  the  slteoring  forces  which  ore  developed  on 
the  .'erticol  faces  of  the  prism.  That  is,  for  a  given  structure  buried  ot  o  given  depth,  the  weight  of  the  prism  depends  only 
on  the  unit  weight  of  the  soil.  However,  the  magnitude  ond  direction  of  the  shearing  forces  depend  on  several  factors.  These 
factors  con  be  divided  into  two  categories; 

1.  Soil  Properties.  Sevcal  soil  prooerties  K'’ve  been  ^ound  to  effect  the  development  of  the  shearing  forces: 

Q.  Unit  weight - directly  affects  the  verticol  pressure  on  any  horizontal  plane  in  the  soil  moss. 

b  K,  the  ratio  of  active  lotercl  ur.it  pressure  to  venicol  unit  pressure  at  a  point  in  the  soil  moss—on  index 

of  the  ability  of  a  soil  to  develop  borizo’’tol  p-'essi  re  orJ  likewise  on  i.ndex  of  the  ability  to  develop  normal 

forces  on  the  '.  erticol  faces  of  the  soil  prism. 

c.  Coliesiop  and  Angle  of  Iiiteinol  Friction - factors  which  reflect  the  magnitude  of  the  maximum  shearing 

forces  -which  con  be  develooed  on  failure  p'onr.s  in  the  soil  moss. 

d.  Stress-strain  characteristics  of  the  soil - which  ore  important  in  the  consideration  of  settlements. 

2.  Settlement  Factors.  Relative  settlements  of  the  soil  prism  ond  the  soil  adjacent  to  the  prism  have  been  found 
to  affect  not  only  the  magnitude  and  direction  of  the  shearing  forces,  but  olso  the  extent  of  the  vertical  surfaces  of  the  prism 
over  which  the  shearing  forces  oct.  Several  factors  offecr  the  relative  settlements; 

a.  Settlement  of  the  natural  ground  surface  adjacent  to  the  structure. 

b.  Settlement  of  the  soil  directly  beneoth  the  structure. 

c.  Vertical  deflection  of  the  *op  surfov-e  jf  the  stiucturc  with  respect  to  the  bose. 

d.  Compression  of  the  soil  prism  directly  above  the  'trurture. 

e.  Compressiun  of  the  soil  adjacent  to  the  soil  prism. 

In  the  developments  which  follow,  the  relative  impoitonce  of  the  various  factors  ore  shown. 


‘Formerly  Associate  Professor  of  Civil  Engineering,  Iowa  Stote  University;  currently  Research  Associate  Professor  of  Civil 
Engineering,  Lehigh  University,  Bethlehem,  Pennsylvania. 
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Fig  .  1  Underground  Structure 


Classification  of  Underground  Structures 

In  the  development  of  the  Marston  Theory  underground  conduits  are  divided  into  three  main  classes  (Figure  2)  on 
the  basis  of  the  construction  conditions  of  installation.  The  classes  are 

1.  Ditch  Conduits - which  are  structures  instolled  and  completely  buried  in  narrow  ditches  excovated  in  undis¬ 

turbed  or  relatively  passive  soil, 

2.  Positive  Projecting  Conduits — which  ore  structures  installed  in  shallow  bedding  with  the  top  projecting  above 
the  surface  of  the  natural  ground,  and  then  covered  with  a  soil  backfill,  and 

3.  Negative  Projecting  Conduits - which  are  structures  installed  in  shallow  ditches  "ith  the  top  below  the 

adjacent  natural  ground  surface,  and  then  covered  with  a  soil  backfill.  Expressions  are  developed  for  evoluating 
loads  on  structures  in  each  of  the  three  classes. 


Structures  in  Ditch-Type  Excavations 

For  a  structure  installed  in  a  shaft-like  excavation  having  horizontal  dimensions  which  do  not  exceed  two  to  three 
times  the  horizontal  dimensions  of  the  structure,  the  prism  of  backfill  soil  normally  tends  to  settle  downward.  As  a  result  of 
the  relative  movement  between  the  soil  prism  and  the  adjocent  soil,  upward  shearing  forces  on  the  vertical  surfaces  of  the 
prism  are  generated  (Figure  3).  From  a  consideration  of  a  free-body  diagram  of  an  element  of  the  soil  prism  (Figure  3),  the 
summation  of  vertical  forces  .must  be  equal  to  zero. 


where 


P  t  W  -  (P+dP)  -  2Vg  -  2Vj^  -  0 

W  -  wB  .D  ,dh 
d  d 
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If  (-he  soil  is  considered  to  xhibit  the  theory  of  failure  proposed  by  Coulomb, 


and 

where 


V  =  (c  +  Kptan<|)  D  dh 

□  d 

V  =  (c  +  Kptan^)  B  .dh 

D  d 


o 


d  d 


Equation  (I)  then  yields  dP  =  wB  D  .dh  -  2(c  +  K  |  »  ^  (  ton^)  (D  ,  +  B  .)  dh 

a  a  I B  D,  i  d  d 

'  o  d  » 

If  I  -  ®  ” 

'  2c 

then  Equation  (6)  cin  be  reduced  to  dp  =  dh  (w  pj 

^d  ‘-d 

The  boundary  conditions  are 


(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


p  -  p^  when  h  =  0  and  p  =  p^  when  h 


^  H 


and  the  solution  for  the  equation  is 


(”2Ktan(^-p-)  (-2Ktan(^-] — ) 

e  -I  Py 

d 


(9) 


of  ^u/wL 


p»  w 

Figures  4,  5,  and  6  in  a  series  illustrate  the  relationship  between  ^H/wL^  ond  /L  ,  for  several  different  values 
In  Figure  4  soils  having  c  =  0  and  (>  =  10°,  25°,  and  35°  respectively, “are  represented.  In  this  figure  p  =  0 


and  a  typical  behavior  is  represented.  That  is,  os  the  value  of  H/L^  is  increased,  each  of  the  curves  converges  upon  a 
particular  value  of  Ph/wL^.  A  comparison  of  the  three  curves  shows  the  effect  of  (>,  the  angle  of  interna!  friction.  As  the 
value  of  ^  is  increased,  the  curve  converges  on  a  lower  value  of  Pr/wL^,  and  the  convergence  occurs  more  readily.  The 
effect  of  cohesion  can  be  seen  in  Figure  5.  The  three  soils  represented  tiave  a  •>  =  10°,  and  values  of  2c/wL  ,  equal  to  0, 
0.8,  ond  1.2,  respectively.  Agoin,  for  p  =  0,  it  is  clearly  illustrated  that  os  the  value  of  2c/wL  ,  is  increased,  the  curve 
converges  on  a  lower  value  of  H/wL^.  In  fact,  for  2c/wL^  ~  1-2,  the  cur/e  converges  on  a  negative  value  of  ^H/wL  ,. 
The  negative  value  illustrotes  the  impossible  occurrence  of  o  resultant  upword  pressure  on  the  top  of  the  structure.  The  “ 
cohesion  represented  by  2c/wLj  =  1.2  would  be  600  psi  if  w  =  100  pcf  and  L  ,  =  10  feet.  Figure  6  illustrates  that  for  a  given 
soil  all  of  the  corves,  each  representing  a  different  value  of  ^u/wL  ,,  converge  on  the  same  value  of  ^H/wL  . 

On  the  basis  of  studies  by  Marstcn  (2),  it  was  suggested  mat  cohesion  be  neglected  because; 

I.  Considerable  titi.e  .Tiu..t  elapse  after  the  backfill  soil  has  been  placed,  before  effective  cohesion  can  be 
developed  between  the  backfill  soil  and  the  odjacent  soil,  and 

?.  Rainfoll  or  some  other  action  may  occur  which  would  either  eliminate  or  greatly  reduce  any  cohesion  that 
might  have  developed.  Therefore,  until  it  con  be  shown  that  the  effect  of  cohesion  is  significant,  the  value  of 
2c/wL.  should  probably  be  considered  equal  to  zero  in  oil  calculations. 

From  ^uation  (9),  or  from  Figures  4,  5,  and  6,  values  of  p  can  be  obtained.  However,  p  is  the  theoretical 
pressure  on  the  bottom  surface  of  the  soil  prism.  In  determining  the  prwsure  transmitted  to  the  top  surfa^ce  of  the  structure, 
consideration  must  be  given  to  the  relative  stiffnesses  of  the  backfill  soil  adjacent  to  the  sides  of  the  structure,  and  of  the 
structure  itself.  If  the  structure  is  very  flexible,  that  is,  sufficiently  flexible  that  the  stiffness  of  the  structure  and  the 
adjacent  soil  are  about  the  same,  then  p^  can  be  considered  equol  to  p  .  On  the  other  bond,  if  the  structure  is  rigid,  the 
entire  load  on  the  base  of  the  soil  prism  should  be  considered  os  transmitted  to  the  structure.  Hence,  the  value  of  p  can  be 
determined  from  D  ,B ,  * 

d  d  X 

(10) 


Ph 

s  s 


Even  though  it  would  probably  be  impractical  to  construct  a  structure  at  the  bottom  of  a  deep,  shaft-like  excavation, 
particularly  when  it  is  desirable  to  keep  the  horizontal  dimensions  of  the  shaft  at  o  minimum,  the  development  of  the  expression 
for  the  ditch  condition  forms  a  bosis  for  further  concepts  ond  developments. 

To  illustrote  the  theory  and  use  of  the  graphs,  consider  a  structure  having  length  =  width  =  depth  =  10  ft,  buried 
in  a  ditch-type  excavation  at  a  depth  H  =  30  ft.  The  properties  of  the  soil  are  6  =  25°,  K  =  0.6,  and  w  =  100  pcf.  For  no 
overpressure,  =  0. 


Cose  I:  Ditch  dimensions  -  20  ft  x  20  ft. 


,  _  (20)(20)  _ 
‘■d'  Tono  ' 


h 

^7 


30 
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Natural  ground 
surface. 


Ditch  conduit 


Top  of  embankment 


I 


Natural 

ground 

surface 


Positive  projecting  conduit 


Negotive  projecting 
conduit 


Fig.  2  Three  Main  Classes  of  Conduifs 
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From  Figure  4, 


^  1.44 


Then  p  =  1.44  wL^  =  1440  psf.  If  the  stiffness  of  the  structure  and  the  soil  adjacent  to  the  structure  are  the  same,  then  p^- 
1440  pst.  However,  if  the  structure  is  stiffer  than  the  odjacent  soil,  then  from  Equation  (10), 


1440 


■(20)(20)1  _ 
jnwj  ■ 


5760  psf 


A  comparison  of  the  two  values  of  p  »»  vHIv  illustrates  the  great  importance  of  thorough  compaction  of  the  soil  adjacent  to 


2Ktonf 


w  Lq 

Fig.  4  Effect  of  Soil  Type  on  Relotionihip  Between  Pu  wL  ,  and  Hr  L  . 

no  d 

Cose  2‘  To  visuolize  the  effect  of  the  size  of  the  eKCOvofion,  suppose  the  dimensiorts  of  the  ditch  were  reduced  to  12  ft  x 

TTTT- 


{I2)(I2) 

irnr 


6  ft 


H 


30 
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Fig.  5  Effect  of  Cohesion  on  Relationship 
Between  H/L 


4  6 


Fig.  6  Effect  of  Overpressure  on  Relationship 
Between  oi^  H/l-^ 


From  Figure  4,  Pp/wL^  =  1.63.  Then  p^  =  (1 .63)(I00)(6)  =  973  psf,  which  would  be  the  volue  of  pj  for  essentiolly  equol 
stiffnesses  of  soil  and  structure.  If  the  structure  is  more  rigid  than  the  odjocent  soil,  then  again  from  Equation  (10) 

P,  -  973  =  1402  psf 


Thus,  a  second  important  feature  has  been  demonstrated-~the  substantial  reduction  in  load  on  the  structure  ochieved  b^ 
reducing  the  dimensions  of  the  excavation. 

To  demonstrate  the  effect  of  a  uniform  overpressure,  consider  the  some  structure  and  burial  depth  as  in  the  previous 
cases,  but  soil  properties  of  o  =  10°,  K  -  0.7,  and  w  =  100  pcf.  Consider  on  overpressure  of  12, (XX)  psf. 


Cose  3:  =  B^  =  20  ft 


From  Figure  6 


12,000 


3-  “  7i%W)  ‘  '^r  ‘  ^ 


Cose  4:  -  12  ft 


Again  front  Figure  6 


=  7.6 


u  .  12,000  ,  ^ 

r  -  (te  '  ”  r  -  * 


Then  p  =  7600  psf 
M 


8.7 

"'"d 


Then  p  =  5220  psf 
H 
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PROJECTING  STRUCTURES 

Positive  Projecting  Structures 

When  o  structure  is  constructed  with  the  top  projecting  above  the  noturol  ground  surface  and  then  covered  with  o 
soil  fill,  several  new  factors  are  introduced  into  the  determirsotion  of  loads  on  the  structure.  Most  of  these  factors  are  cen¬ 
tered  around  the  relative  settlements  of  the  prism  of  soil  directI/  above  the  structure  ond  the  soil  adjacent  to  the  prism.  In 
the  ditch-type  excavwtion  the  soil  adjacent  to  the  prism  is  relatively  compact  compared  with  the  backfill  soil,  and  the  devel¬ 
opment  of  upword  shearing  forces  on  the  prism  is  assured.  In  contrast,  for  projecting  structures  the  odjacent  soil  is  also  fill 
moterial,  and  a  considerotion  of  the  relative  settlements  is  necessary  to  determine  the  magnitude  and  direction  of  the  shearing 
forces . 

Two  horizontal  planes  ore  important  in  further  discussion.  The  first  is  the  critical  plane,  o  horizontal  plane  passing 
through  the  top  surfoce  of  the  structure  when  the  level  of  the  fill  is  ot  thot  surface,  fbis  plane  changes  shape  during  and  after 
the  placement  of  the  remainder  of  the  fill.  The  second  is  the  plane  of  equal  settlement,  the  horizontal  plane  above  which  the 
settlements  of  the  soil  prism  and  the  adjacent  soil  ore  equal. 

A  projecting  structure  is  in  one  of  three  classes  according  to  the  relative  settlements  of  the  soil  prism  and  the 
odjacent  soil  (Figure  7) 

1.  Projection  Condition— the  settlement  of  the  top  of  the  structure  Is  less  than  the  settlement  of  the  critical 
plone  (Figure  7a),  resulting  in  downward  shearing  forces  on  the  soil  prism.  Therefore,  the  pressure  on  the  top 
surface  of  the  structure  would  be  greater  than  the  weight  of  the  soil  prism. 

2.  Transition  Cose — the  settlements  of  the  top  of  the  structure  ond  the  critical  plane  ore  equal  (Figure  7b). 

In  this  case,  no  shearing  forces  are  developed,  and  the  pressure  on  the  top  surfoce  of  the  structure  would  be  equal 
to  the  weight  of  the  prism. 

3.  Ditch  Condition— the  settlement  of  the  top  of  the  structure  is  greoter  then  the  settlement  of  the  criticol  plane 
(Figure  7c),  resulting  in  upward  shearing  forces  which  reduce  the  pressure  on  the  top  surface  of  the  structure  to  a 
value  less  than  the  weight  of  the  prism. 

The  possible  plane  of  equal  settlement  makes  it  necessary  to  sub-divide  the  projection  and  ditch  conditions.  If 
there  is  r>o  plane  o‘  equal  settlement,  then  the  shearirsg  forces  extend  to  the  top  of  the  embankment  ond  the  condition  is 
called  either  the  Complete  Projection  Condition  or  the  Complete  Ditch  Condition.  If  there  definitely  is  a  plane  of  equal 
settlement  between  the  top  of  the  structure  and  the  top  of  the  fill,  the  shearing  forces  extend  only  to  the  plone  of  equal 
settlement,  ond  the  condition  is  called  either  the  Incomplete  Projection  Condition  or  the  Incomplete  Ditch  Condition.  At 
this  point  the  porticular  foctars  which  have  an  effect  on  the  direction  of  the  shearing  forces  will  be  related  (Figure  8). 
s  =  settlement  of  the  noturol  ground  surface  odjocent  to  the  structure 
=  deformation  of  the  fill  moteriol  adjacent  to  the  structure 
i.  =  settlement  of  the  base  of  the  structure 

d  =  deflection  of  the  top  of  the  structure  with  respect  to  the  base 

The  settleme'nt  ratio,  r  .,  is  defined  by  the  relationship 

,  .(*m  .  ’g)-(’f.®s) 

sd  - 5 - 

m 

It  can  be  seen  (Figure  8)  that  for  a  positive  value  of  r^^,  the  lood  on  the  structure  is  greater  thon  the  weight  of  the  soil 
prism.  The  lood  is  less  for  a  negative  value. 

For  the  Projection  Conditions  (r^^  positive)  consider  o  free-body  diagram  of  an  element  of  the  soil  prism  (Figure 
8).  The  summation  of  verticol  forces  must  equal  zero. 

P  -t  W  -  (P  +  dP)  +  2Vg  +  2Vp  =  0  (12) 

where  W  =  wB  D  dh  (13) 

$  s 

V  .  =  (c  +  Kpfon^)  D  dh  (14) 

Cl  s 

Vg  =  (c  +  Kptanil)  B  dh  (15) 

Bp  * 

•  _  •  /IZ\ 


Then  Equation  (12)  yields 


I  db 
L  =  s  s 

‘  TTTF 

*  *  2- 
dp  =  dh  (w  +  j— 


dP  =  wB^D^dh  +  2  (c  +  K  -p-g  ton^)  (D^  B^)  dh 

s  s 


2Kton<l 
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.Top  of  embankment 


Natural  ground 
surface 

o)  lr>complete  praiectian  condition  b)  Transition  cose 

Positive  settlement  ratio  Zero  settlement  rotio 


c)  Incomplete  ditch  condition 
Negotive  settlement  rotio 


Fig.  7  Typical  Setflemenf  Situations  Affecting  Loads 
on  Positive  Projecting  Structures 


Pu 


Fig.  8  Settlements  Which  Affect  Loods 
on  Positive  Projecting  Structures 
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For  »!>•  CompUto  Pro[>cUon  Condition,  tlw  bourKiary  condition*  would  b« 


p  when  h  <«  0  at>d  P  ”  Pu  when  h  *  H 
w  n 


and  the  lolution  of  the  equation  it 


(t-2Kton|^^)  i(^2Kton^|^) 


wL^  '  2ktonf  I 

For  the  tncomptete  ProfocHon  CoodUlon^  the  boundary  condiKons  would  bo 


‘  tf) 


p  =  w(H-H^)  ♦  when  h 


ond  P  =  Pu  when  h  =  H 

n  0 


and  the  solution  is 


_ ^4.  ■ 

wL^  wL^  '  2Kton^  | 


u  ^  P 

(ii  -  _2  +  li) 

*L  L  wL  ' 

St  s 


Now,  on  expression  irust  be  developed  for  the  determination  of  Hg.  From  the  definition  of  the  plane  of  equal  settlement, 
the  settlement  of  the  prism  of  soil  extending  from  the  top  of  the  structure  to  the  plone  is  equal  to  the  settlement  of  the 
odjocent  soil.  To  express  this  condition  in  equation  form,  two  new  quantities  are  defined: 

\  =  compression  of  the  soil  prism  between  the  top  of  the  structure  and  the  plone  of  equal  settlement,  due 

to  the  height  of  fill  H,  and  the  overpressure  p^. 

^  '  =  compression  of  the  odjocent  soil  between  the  top  of  the  structure  ond  the  plane  of  squal  settlement, 
due  to  the  height  of  fill  H,  and  the  overpressure  p^. 

Then 


and  since 


X'+»  +t 

^  m  /I  ^  I  a 


(•  +*  )-(»f+d  ) 

mg  r  s 


X  -  X  *  +  r  .  t 

sd  m 

In  the  derivation  of  an  expression  for  X  ,  consider  the  element  of  the  soil  prism  (Figure  8).  d  X  ~  ^  dh 
where  E  -  modulus  of  compression  of  the  fill  material,  and  p  it  given  by  the  equotion 


(+2Ktan^jt)  (^2Kton*  jt) , 

=  (is. +  1)2 _ —*t  ’ 

wL^  \vL^  '  2Ktan^  I 


u  ^  P 

(ii  -  _2  + 1“) 

'L  L  wL' 
%  %  s 


wL  r  *>  I  u  ^  p 

=  — 2  (-^  ♦  I)  (— !— )  +  (ii  -  -2  +  _“ )  * 

E  VL  '  '2Ktonf'  'l  L  wL  ' 

>  ’ll  I  . 


(+2Ktan|  p) 


2Ktanf 


»L^  H  j 
»  /  /  2c 


-  (r>  '>  <2^) 


Similarly,  In  the  development  of  an  expression  for  X  *»  on  element  of  the  adjacent  effective  toil  is  considered  (Figure  8). 

dX‘  =  ^dh 

^  .  P' 

where  p*  it  the  average  unit  pressure  at  the  level  h  in  the  odjocent  effective  toil  (Figure  9),  and  it  expressed  as  p*  -  ^ 
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The  term  adjacent  effective  soil  refers  to  the  mass  of  soil  which  surrounds  the  soil  prism  and  is  cons.dered  to  ne  affected  by 
the  behavior  of  t^ie  so'!  prism  At  this  point,  an  assumption  must  be  mode  in  defining  o  finite  moss  of  odiacen*  effe'''.ve 
soil  In  the  earlier  work  considering  underground  conduits,  the  iersgth  of  the  structure  was  large  compered  with  rhot  of  the 
width,  and  a  two- dImens  oral  case  was  used  in  arriving  at  cn  expression  ’or  loarl  per  unit  length  For  f'  e  iwo-dirnerisionc! 
cose,  the  mass  of  the  ac  acent  effective  soil  was  considered  to  be  comoosed  of  a  moss  on  each  side  of  the  soil  prism,  tguol 
in  size  to  the  moss  of  the  p-’iiii  (Figure  10)  For  th  three-dimensionol  case,  the  moss  of  adjocent  effective  soil  is  defined 
as  the  mass  outlined  in  Figui'e  10  Then,  In  Equation  (26),  P’  represents  the  total  pressure  on  the  odjocent  effective  soil  at 
level  h,  ond  A  the  total  area  of  the  adjocent  effective  soil 

To  evaluate  A'  ,  an  expression  tor  P'  must  be  developed  From  a  free-body  diogrom  of  the  adjacent  soil  (Figure 
9) ,  It  can  be  seen  thot 


P’  =  V\. 


p  A  -  F 
u 


where  VV^  ~  w.A(h-|-H-H^) 

and  F  -  summation  of  oM  vertical  shearing  forces  acting  on  the  soil  prism 

F 


P-W,  -  p  D  B 
i  u  s  s 


where  W,  =  wD  0  (h»H-H  ) 
1  s  s  c 


and  P 
Then 


pD  B 
s  s 


D  B 
s  s 


)  (h*H-H 


o  (I 

u 


(27) 

(26) 

From  the  free-body  dlagiom  of  the  soil  prism 

(29) 

(30) 

(31) 

D  B  D  B 

4_L)-p(_^J-)  (32) 


where  p  Is  given  by  Equation  (24) 
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wL^  0  B 

,  H  2 

H 

H 

p 

H 

^  *  dA' 

"  "T-^'  *  -T"’ 

1  ,  e  , 

*T^  T"  ’  ‘ 

S 

(r^) 

s 

u 

(-j^) 

s 

r 

s 

s 

H 

D  B  - 
,  $  s,  ,  2c 

'—'•cr  • 
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t  ’  2Ktan^ 
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(33) 


in  the  derivatiom  of  expressions  for  7\  ortd  .  two  bosic  assumptions  were  mode  The  fi'st  ovsumption  is  that  setttemen* 
of  the  soil  prism,  which  is  coused  by  the  effects  of  'he  overpressure,  by  the  weight  of  the  sod,  end  by  the  sheorirsg  for- ■ 
is  substonf  lolly  the  sorrse  os  would  result  from  c  unlto'm  verticol  pressure  The  second  is  *hot  the  settlement  of  th o' .‘ocent 
soil  is.  likewise,  sobsforst lolly  the  some  as  thot  wi  ich  would  be  caused  by  o  uniform  pressure 

An  expression  Is  rsow  derived  for  s  .  ct^mpression  of  the  effective  soil  odjOcent  »o  the  structure  (Figure  »' 

The  assumption  Is  mode  thot  the  verticol  pressuf*  is  constont  throughout  the  depth  r  k  .  ond  Is  equol  to  pH  ,  Equation  (32) 


The  voiidity  of  the  ossumpfion  depends  moinl,  upon  the  'Of'o  of  H  to  r  I - the  grfotVr  the  rutio 

ossumption  The  expression  s  would  be  ,  ^  ' 

fn  D 

s  { f  I  )  (  -f ) .  ^ 

m  p  s  t  h 

Substitutirsg  the  expressiorss  for  \  ,  ond  s  into  Equotion  (23).  ond  letiirsg 

ts  obtoirsed 
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the  following  express. on 
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+  r  r  (  — : 
sd  D  ^ 


(-^2Ktan^ 


S  ,  H 
v-T 


H  p 

e  u  . 

T"  ' 

s  s 


H  ^  H 
s  s  s 


H  p 

S  i 


/  I  '  \  r\ 

I  -  r  r  (  -j —  +  — T— )  0 

sd  p  L  wL 


For  riit;  Ditch  Conditions  (r  ^  negative)  the  development  of  expressions  for  determining  L  and  p^_^-''wL 
parallels  the  previous  3er!vat'on*of  Equations  (20),  (21),  and  (35).  The  only  difference  between  the  rmcl  equations  for  the 
ditch  and  projection  condifions  would  be  in  signs  of  several  of  "^he  terms.  Therefore,  the  following  general  expressions  con 
be  written  wh'ch  covei  iicth  ,ch  and  projection  conditions:  For  the  complete  conditions 


(-_2K,on,j_)  ,,2Kf=n.,tl) 

‘  '  '  Cf' 


For  the  incomplete  condi'  ris 


(-^2Kfar>4)  -I — ) 


(  -^-  +  I  ) 

wL 
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2Ktan(t 


_  2c  e 
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$  S 
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s  5  1  — - — >(  -  )  -  r  .r  (  1 —  "  — r  )  -  0  38) 

'  ZKtanA  I  L  -r  sd  o  L  wL 
■  s  s  s 

In  the  three  eqof-ric‘''s,  several  of  the  quantities  hove  two  signs.  The  upper  signs  are  valid  for  the  projection  conditions, 
the  lower  signs  for  the  ditch  conditions.  D  B 

The  quantity  r?  ,  which  is  the  ratio  — - —  ,  ^olls  within  a  relatively  narrow  range  (Figure  10).  It  is  seen  that  for 
a  structure  with  a  large  3  D  ratio,  0  a;  1/2.  At  the  other  extreme,  for  a  square  structure  d  s»  1/6.  Therefore, 
^  was  token  at  the  intermediate  value  of  l''3  for  all  computations. 

Now  let  us  ex -.mi.-ii.  a  p  ob'em  from  the  given  conditions.  First  of  all,  the  sign  of  the  settlement  ratio  would 
enable  classification  os  either  the  projection  condition  (positive)  or  the  ditch  condition  (negative).  The  next  step  is  to 
utilize  Equation  (38i  to  determine  H  .  If  H  is  found  to  be  greater  than  H,  then  the  complete  condition  exists,  and 
Equation  (36)  is  used  to  determine  the  pressure  Pj_|  on  the  structure.  If  is  less  than  H,  then  the  conditifir  is  incomplete 
nnd  Equation  (371  is  used 

It  is  impossible  to  solve  Equation  (38)  directly  for  H  .  therefore,  for  a  given  case,  the  value  of  H  /L  would  be 
dcrermined  by  trial  and  error,  end  depending  on  rhe  size  of  ff  as  compared  to  H,  the  pressure  of  p^^  would  be  cfetermined 
hon.  c'irher  Equotion  (36)  ct  (37).  To  greatly  facilitate  the  sofution  of  Equations  (38),  end  (37),  graphs  rt'ay  be  prepared 
which  enable  the  direct  determination  of  Pli,'^wL  (Figures  II,  12). 

n  S  ' 
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Negative  Projecting  Structores 

T'ne  next  step  !n  tFie  development  of  a  load  theory 
for  underground  structures  was  o  refinement  of  the  construc¬ 
tion  procedure  which  combined  the  odvontoges  of  load  re¬ 
duction  of  the  difch-tyoe  installation  with  the  construction 
ease  of  the  positive  projecting  structures  in  this  construc¬ 
tion  procedure  an  urea  having  dimensions  slightly  larger  than 
the  horizontol  dimensions  of  the  structure  is  excavated  such 
that  the  top  of  the  structure  rs  below  the  natural  ground  sur¬ 
face  (Figure  2).  After  the  structure  has  been  placed  or  con¬ 
structed  In  the  excavation,  the  fill  Is  built  up  to  c  level 
somewhat  above  the  originol  ground  surface.  The  use  of  this 
method  of  construction  normally  results  i.i  a  loco  which  is 
less  than  the  weight  of  the  soil  prism  above  the  s'ructure,  plus 
the  overpressure  p  .  The  major  reason  for  (he  reduction  in 
load  is  that  the  soil  prism  can  settle  more  then  the  adjocent 
effecrlvf;  soil.  Since  the  height  of  the  prism  is  greater,  the 
settlemer-t  will  be  greater,  and  the  vertical  shearing  forces 
on  the  suifcces  of  the  soil  prism  will  be  directed  upward,  re¬ 
ducing  rhe  lood  on  the  structure  (Figure  13).  As  in  the  dis¬ 
cussion  of  positive  projecting  structures,  two  horizontal 
planes  need  to  be  defined.  The  first  is  the  critical  plane  , 
v  nich  ,  for  negative  projecting  structures,  is  the  horizontal 
plane  In  the  embonk.ment  moterial  which  is  originally  level 
with  the  r'oiuro!  g'ound  surface  before  settlements  occur 
(Figure  14).  T’’?  second  is  the  plone  of  equal  settlement. 

This  is  the  horizontal  plane  above  which  the  settlements  of  J 
the  soil  prism  and  the  adjacent  soil  are  equal.  For  negative 
projecting  structures,  there  are  two  cases  to  consider,  the 
Complete  Ditch  Condition  and  the  Incomplete  Ditch  Condi- 
tTorT  If  tTiere  Is  no  plonc  of  equal  settlement,  the  shearing 
forces  extend  to  the  top  of  the  embankment,  and  the  condi¬ 
tion  is  called  the  Complete  Ditch  Condition .  I' there  iso  * 
plane  of  equal  se.  Tement,  the  shearing  forces  exte.id  only  to 
the  plone,  and  the  condition  is  called  the  Incomplete  Ditch 
Condition.  The  foctors  which  have  an  effect  on  the  possible 
existence  and  location  of  a  plane  of  equal  settL-ment  must  be 
related  (Figure  14) . 
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Fig.  9  Compressive  Forces  in  the  Soil  Prism 
and  in  the  Adjocent  Effective  Soil 


0»  Ot  D( 


s  “  settlement  of  the  natural  ground  surface, 
s^  -  compre-i;ion  of  vhe  material  in  the  soil 
prism  between  the  top  of  the  structure 
and  the  natural  ground  surface, 
s,  =  sett'ement  of  the  base  of  the  structure. 

dt  -  deflection  of  the  top  of  the  structure  with 

respect  to  the  base. 


For  negative  projecting  structures,  the  settlement  ratio,  r 


is  defined  by  the  relationship 
s 


so 


• '( •  ““d 


sd 


(39) 


D, 

B, 

\ 
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If  can  be  seen  (Figure  14)  that  for  a  negative  projecting 
structure,  the  value  of  r  ,  will  alwoys  be  negative. 

Consider  a  free-oody  diagram  of  an  element  of  the 
soil  prism  in  developing  an  expression  for  load  on  the  struc¬ 
ture.  Since  the  shearing  forces  are  directed  upward,  the  free- 
body  diagram  would  be  the  same  os  that  for  an  element  of  the 
soil  prism  above  a  structure  buried  in  c  ditch-type  excavation 
(Figure  3).  The  differentiol  equation  will  hove  the  some  form 
as  Equation  (19) 


Fig.  10  Area  of  Adjacent  Effective  Soil 


267 


SOll-STRUCTURE  INTERACTION 


Potitiv*  pr0|«ct>t>9  ttructuTM 

S«l  cloy  ♦•lO*  >-300  /-ZOO  | 

*.-o  r-g’i  /  /  .,.0/i 


Pooitivt  proiocPng  •Irucium 
25-  Sal  cloy  ♦•lO* 

D.  >fOT, 

WL,*5  c-0 


Cofflptot* 

ditch 

conditior: 


Complot* 

20 

condition 


W%-0Z5 


J1  I5|- 

L. 


'^r,.-0  25 


Camn'M^  pro|*clion 
condition 


I  Complit*  pro|«clion\ 
!  condition 


°o "  z  4  6 .  a  '  lb 

P 


Fig,  11  Relationship  Between p/wLj  and 
H/Lj  (Eqs.  36  and  37)  p^^/wLJ  =  0 


Fig.  12  Relationship  Between  p/wLj  and 
H/1-5  (Eqs.  36  and  37)  p,y'wLj  - 
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Fig.  13  Typical  Settlement  Situation  Affecting  Load 
on  Negative  Projecting  Structure 


STATE  OF  THE  ART 


dp  =  dh  (w  -  ~  p) 

d  d 

For  the  Complete  Ditch  Condition  the  boundary  conditions  would  be 

and 


(40) 


p  =  p  when  h  =  0 
u 


P  ~  Pli  '^Fien  h  =  H 
n 


and  the  solution  for  the  equation  is 


H 


2c 


(-2Kton*-) 


d  d 


_ U  j 

2Ktan^ 


(41) 


For  the  Incomplete  Ditch  ConditioOf  the  boundary  conditions  would  be 

p  =  w(H-H  )  +  p  when  h  =  0  ond 
e  u 

and  the  solution  is 


^  '  1) 


(■2Ktant  )  (.2Ktan^  ~) 


2Ktan^ 


+  e 


p..  when  h  =  H 
H  e 


iH  11? 

'^d  ‘-d^^'-d 


(42) 


As  in  the  previous  developments,  an  expression  must  be  developed  for  It  can  be  seen  (Figure  14)  that  the  settlement  of 
the  prism  of  soil  above  the  structure  and  the  settlement  of  the  adjacent  soil  must  be  equol  at  the  plane  of  equal  settlement. 
In  equation  form 


vhere: 


Since 


then 


X  +  Sj  +  s,  +  d  -  X''*'S 
d  t  s  g 

X  =  compression  of  the  soil  prism  between  the  top  of  the  structure  and  the  plane  of  equol 
settlement,  due  to  the  height  of  fill  H,  and  the  overpressure  p^. 

X  '  =  compression  of  the  adjacent  soil  between  the  noturol  ground  surface  and  the  plane  of 
equal  settlement,  due  to  the  height  of  fill  H,  and  the  overpressure  py. 

‘g  -  <‘d  *  ‘f  *  “'s’ 

r  =  ^ - 

sd  Sj 

In  developing  an  expression  for  \  ,  consider  the  element  of  the  soil  prism  (Figure  14)  d  =  |  dh 


(43' 


(44) 


where  E,  as  before,  is  the  modulus  of  compression  of  the  fill  material,  and  p  is  given  by  the  equotion 

(-2Ktort  i)  K 

«  I  C  Li 


-£-  =(—-!) 
wL,  VL,  ' 
d  d 


2Ktan^ 


+<e 


u  H  P 

-li) 

! 'd  'd  ^  'd 


(45) 


then 


H' 


I 

0 

wL 


e 

dX 


H' 


2  r  -  I)  H-  n 

'  ^ _  .h;  le 

■  2'<tant  '  ’  L,  ^  wl/ 


■(-2Kton^  p)' 

.2 

^  t 

e  -1 

'"'■d 

2Kfon^ 

E 

^-1) 

2Ktan^ 


(46) 


It  should  be  noticed  that  two  new  terms  H'  and  were  introduced  in  Equotion  (46),  From  Figure  14,  it  con  be  »een  that 
the  two  quantities  are  represented  by 


and 


H'  =  H  -  r'  L  , 
p  d 

(47) 

H'  H  -  r'  L  , 

e  e  p  d 

(48) 
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Next,  an  expression  for  \  '  must  be  developed.  Consider  on  element  of  the  adjacent  effective  soil  (Figure  14) 

dA’  -  ^dh  =  £dh 

v^here  P'  is  the  total  pressure  at  the  level  h  and  A  is  the  total  area  of  the  adjacent  effective  soil  (Figure  9).  For  the  negative 
projecting  structure,  the  direction  of  the  shearing  forces  between  the  soil  prism  and  the  adjacent  effective  soil  would  be 
reversea,  and  the  dimensions  of  the  soil  prism  would  be  those  of  the  excavation,  and  D^.  From  the  free-body  diagrams  it 


can  be  seen  that 
Then 


P'  =  (A+DjBj) 


w(h  +  H  -  H  )  +  p 
e  u 


-  P 


r  =  w(l  +  (h  -r  H  -  H  )  +  p  (I  +  5^)  -  p(i^) 


DjB, 


DjB  : 


where  p  is  given  by  Equation  (45). 
Finally, 

A'  = 


H 


f 


e 

dA' 


(49) 

(50) 


wLj  DjBj 

(I  * 


DjB  , 


(51) 


1  H'  u.  H'  p  H' 

2  ,  ’  L  ,  1 , '  wL  ,  \  ’ 

d  d  d  d  <d  _ 

As  before,  in  the  derivations  of  expressions  for  A  and  A',  the  assumptions  ore  made  that  the  settlements  of  the  soil  prism  and 
the  adjacent  effective  soil  are  substantially  the  same  as  would  result  from  a  uniform  pressure. 

In  deriving  an  expression  for  s^j,  the  assumption  is  mode  thot  the  vertical  pressure  is  constant  throughout  the  depth 
Tp  Lj,  and  is  equal  to  p|^,  given  by  Equatioii  (45).  The  expression  for  Sj  would  then  be 

(52) 


^d  "  '"p  “-d^  ^ 


h  =  H' 


Substitution  of  these  expressions  for  A  ,  A  '/  and  sj  into  Equation  (44),  and  letting  p  =  ,  the  following  expression  is 

obtained: 


^  ^  H'  ^e  '~u  .  ,_2c  . 

2Kton^  L ,  L  ,  wL ,  '^sd'^p  ^L,  jS  +  I 


H' 

^  (-2KtQn^j^) 

■  e  “^-l 


2Kton^ 


‘^d^p 

H'  p  H' 

2Ktant  ^ 


(-*^3) 


Consideration  of  a  porticular  problem  paroliefs  thot  of  a  problem  involving  o  positive  projecting  structure. 

Equotion.  (53),  (47),  and  (48)  ore  used  to  determine  If  is  found  to  be  greater  thon  H,  then  the  complete  condition 
exists  and  ppj  is  determined  by  Equotion  (41).  If  H,  is  less  thon  H,  then  the  condition  is  incorr^hte  ond  Equotion  (42)  is 
used.  As  in  the  cose  of  positive  projecting  structures,  the  use  of  grophs  will  greatly  focilitate  the  solution  of  Equations  (53), 
(41),  and  (42).  Sample  grophs  (Figures  15,  16)  enable  the  direct  determination  of  pp^ 

The  use  of  the  negofive  projection  condition  in  construction  assures  o  reduction  in  lood  on  the  structure,  but  con¬ 
struction  of  the  structure  in  the  small  confines  of  the  excavotion  moy  be  difficult.  To  permit  eose  of  construction  of  the 
structure  and,  at  the  some  time,  to  retain  the  lood  reduction  odvontoge  of  the  negotive  projecting  corrdition,  onother  method 
of  fill  construction  has  been  suggested.  It  has  been  termed  the  Imsserfect  Ditch  Method  of  construction.  The  procedure  is  to 
construct  the  structure  ot  the  noturol  ground  level.  The  fill,  bcnlt  up  to  o  level  obove  the  top  of  the  structure,  is  thoroughly 
compacted.  A  port  of  the  completed  fill,  equal  in  oreo  ond  shape  to  the  soil  prism,  is  then  excavated  ond  reploced  with 
loose  soil  or  ony  other  highly  compressive  moterial.  The  entire  fill  is  then  built  up  to  o  higher  level,  ond  ogain,  a  port  of 
this  layer  of  fill  directly  above  the  structure,  is  removed  ond  reploced  with  loose  rnaterial .  The  fill  is  built  up  to  the  desired 
height  in  several  layers,  and  eoch  time  o  port  of  the  soil  above  the  structure  is  removed  ond  reploced  with  loose  moterial 
(Figure  17).  The  settlement  of  the  soil  prism  in  a  fill  constructed  in  this  monner  will  be  greater  thon  thot  of  the  odjoceni 
soil.  As  a  result  the  sheoriog  forces  on  the  wolls  of  the  prism  will  be  directed  upward,  thereby  reducing  the  lood  on  the 
structure.  The  moin  odvontoge  of  the  method  is  the  eose  of  construction  of  the  structure;  but  the  moin  disodvortoge  would 
be  in  the  odditionol  height  of  fill  required  to  provide  the  desired  protection. 
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.  16  Relationship  between  H/L^  and 
Pj/wL^  for  Negative  Pro|ecting 
Structures  wi*h  p^/wL^j  =  5 


WL. 


Fig.  l7  |np«rfec>  Ditch  A^thod  of  Corntruction 
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STATE  OF  THE  ART 


SUMAAARY 

It  has  been  shown  thot  loads  on  underground  structures  may  be  materially  different  from  the  sum  of  the  weight 
of  the  soil  prism  and  the  full  effect  of  o  uniform  static  overpressure.  It  is  believed  that  the  theories  presented  provide  o 
sound  approach  to  the  determination  of  loads  on  structures  installed  by  several  different  construction  procedures.  Of  the 
several  variables  which  influence  the  size  of  the  loads,  much  information  is  ovoiiable  on  the  properties  of  the  soils  (w,  <^, 
c,  and  K)  and  the  range  of  values  that  each  of  the  properties  might  hove.  However,  the  most  difficult  foctor  to  evoluate 
is  the  settlement  ratio.  Some  informotion  has  been  reported  (4)  regarding  measurements  of  the  settlement  rotios  of  o  group 
of  culverts,  but  extensive  studies  of  the  settlement  characteristics  of  structures,  either  full-size  structures  or  models,  ore 
needed  to  provide  foctual  informotion  on  this  important  factor. 

TIME-DEPENDENT  OVERPRESSURES 


Introduction 

In  I960,  on  artolyticol  method  was  presented  for  describing  the  behavior  ond  possible  failure  modes  of  on  under¬ 
ground  structure  subjected  to  o  time-dependent  oir  overpressure.  This  method  will  be  referred  to  os  the  IITRI  method.  From 
the  theory  developed,  it  is  possible  to  determine  the  resultant  pressure  on  the  structure  produced  by  the  time-dependent 
overpressure,  ond  the  weight  of  the  soil  overburden.  However,  the  method  Is  based  on  only  one  mode  of  foilure,  which  is 
assumed  to  be  independent  of  the  method  of  construction.  Therefore,  the  following  development,  bosed  on  the  static 
pressure  theories  presented  in  the  first  part  of  this  paper,  and  retaining  the  some  basic  approach  ond  assumptions  of  the 
IITRI  method,  may  provide  a  significant  modification  and  possibly  shed  more  light  on  the  problem  of  predicting  the  behavior 
of  underground  structures  subjected  to  time-dependent  air  overpressures. 

in  general,  the  IITRI  method  is  bused  on  the  ussuiopilon  that  foiture  or  the  system  takes  ploce  when  the  roof  of 
the  structure  collapses  with  o  downward  movement  of  the  entire  moss  of  soil  directly  above  the  structure.  The  soil  nxiss  is 
assumed  to  move  as  a  rigla  body;  artd  vertical,  upward  shearing  forces  on  the  soil  moss  ore  ossumed  to  be  developed  through¬ 
out  the  entire  height  of  the  soil  overburden  (Figure  18).  By  the  previously  developed  theory  of  stotic  loads,  this  condition 
would  be  the  complete  ditch  condition  for  a  positive  projecting  structure,  and  only  with  the  ossuronce  of  o  very  lorge 
settlement  ratio  would  this  type  of  failure  be  probable.  In  the  following  development,  oil  of  the  methods  of  instollation 
discussed  in  the  first  part  of  this  paper  will  be  considered. 

Several  assumptions  related  to  the  air  overpressure-time  relotionship  most  be  set  forth.  It  has  been  found  thot 
the  octual  overpressure-time  relationship  resulting  from  nuclear  explosions  con  be  occurotely  represented  by  the  eguotion 

-  t 

Pt  =  Po  «  (  I  -  -J-  )  (54) 

o 

Grophicol  representation  of  this  equation  is  given  in  Figure  l9(o)  However,  it  hos  been  suggested  thot  the  relotionship 
can  reosorwbly  be  ossumed  to  be  of  the  simpler  form 

Pt  -  ^  ^  >  (551 

A  plot  of  Equbtion  (55)  is  shown  in  Figure  19  (b)  T'iis  equivolerrr  *orm  it  bated  on  the  tome  peak  overpretture,  p  ,  ond 
the  tome  to>u!  impulse,  which  it  equof  to  the  area  under  the  p-t  curve  For  the  tome  totol  impulse 

0  736  t  (561 

d  o 

The  ouumptiortt  related  to  toil  behovior  ore  precitely  the  tame  ot  ore  rnode  in  the  previous  development  of 
ttotic-lood  theory  presented  in  the  tint  port  of  thit  paper  For  o  more  ..omple'e  discussion  of  oil  of  the  ottumptiora  ond 
limitotioni,  the  reoder  it  referred  to  the  origirsol  poper  presenting  the  IITRI  method 


Dytsomic  Loodi  on  Structures  in  Ditch-Type  Excovotiorst 

Prom  c  corvtiderot'on  tT>e  free-body  r^iogrom  of  the  element  of  the  toil  priim  (Figure  3),  the  tumrnotion  of 
verticol  forcet  mutt  be  eqwol  to  the  mots  of  the  element  times  the  verticol  occelcrotion 


P  .  W  -  (P  .  dip)  -  2V,  -  2V_  —  **  * 

»  9  dt' 

where  »  -  verticol  rrsovement  of  the  element 

,  -  .  2c  2Ktors^  w  , 

dp  (  w  -  - - , — 3  p  -  —  — ,  ) 

^  ^d  ®  dt 


(57) 


(58) 
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Overpressure 


Soil  prism 


Time.t  <o 

Fig.  19a  Actual  Overpressure-Time  Relationship 


Roof  of  structure: 

Initiol  position  — 

Position  after  ^ 
failure  moss  has 
moved  downward 


Structure 


X  Overpressure 

-[■  p. 


Pt'Po<'--5;> 


Time.t  »<*OT36to 

Fig,  19b  A«umed  Overpressure-Time  Relotionship 


Fig.  18  Assumed  Movement  of  Foilure  Moss 


Since  the  entire  moss  is  ossumed  to  move  as  a  rigid  body,  then  x  is  independent  of  h,  and  the  boundory  conditions  would  be: 

p  p  when  h  0  ond  p  p  when  h  H 
t  H 


The  sotution  of  fhe  equation  ^ould  be 


(•2Kfc.n^ 


2Kton^ 


‘-d .  i  r 


(-2Kton#  ) 


It.^ld^x  ,e _ ^ 

'wL  ,  9  ^  '  2Ktonf 

0  at 


Solvirsg  Eguolioo  (59)  for 


crKfoot^l 

d  ,  2c  «  -t  I  d  ■  -I, 

■  tr/  ’  ~2m;^  •  7  jMon,  "> 

do  o  <,t 


EguOtion  (60)  moy  be  written  in  simplified  fofm 


^  *  "i  ^  ‘‘  ‘ 
dt  a 


wtser* 


i  wL 
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1 2Ktan^ 


+  2KtanA  t-- 

'■'I 


d  .2c  . 


+2Kfan^ 


?Ktor<> 


2Ktan^ 


It  con  be  seen  thot  the  equotion  for  Rj  is  the  iQi.-.e  os  that  for  wL  .  os  given  by  Equation  (9)  It  con  olso  be  shown  that 

R|  represents  the  mognitude  of  static  overpressure  o^  infinite  duration  which  would  produce  the  some  pressure  p^ ,  os 

would  the  peok  pressure  p  linearly  diminishing  In  the  time  t^.  There  ore  two  possible  solutions  for  Equotion  (59) — one 

for  the  cose  in  which  the  maximum  value  of  x  is  reached  when  0  t  ^  t  ,  the  other  in  which  t  ^  t  ,  The  soluti 
-  ,  mox  d  max  ~  d 

for  the  first  case  is 


The  solution 


7T^ 


'-IT- 


The  solution  for  the  second  cose  Is 


,  2  S  ' 

-rt  *  -’i 

A  plot  of  the  relotiortshio  between  ( - )  and  ^  is  given  in  Figure  20 

I 

The  two  basic  uses  of  Equations  (65)  and  (66)  would  be  I)  in  determining  the  peak  time-dependent  overpressure 
which  would  produce  the  some  pressure  on  o  structure  os  would  o  given  static-overpressure,  end  2)  in  designirig  on  under¬ 
ground  structure  to  withstord  the  effects  of  c  given  time-dependent  overpressure.  In  the  first  cose,  the  problem  Is  ve'y 
SI.  'plo  when  it  is  realized  that  S.  Rj  is  the  rofio  of  the  peak  overpressure  to  the  stotic  pressure  which  would  produce  the 
some  presijre  on  the  structure,  nrst  of  nil,  the  stotic  pressure  would  be  computed  from  Equotion  (63),  bosed  on  the  given 

value  of  pj^  firen  the  quantity  (T'  t  )2  is  evoluoted  fron^  Equation  (67) 

H  d 


Nett,  either  Equotion  f65)  or  (66),  or  Figure  20,  ten  be  used  to  determine  the  rofio  Rj  Having  this  ratio,  the  peak 
pressure  p  con  easily  be  determined 

For  the  design  ptublem,  the  peak  pressure  would  be  ktv^n,  os  well  os  the  overolt  dimensions  The  bosic 

problem  would  Involve  the  determlnof ion  of  the  equivolent  stotic  overpiessote,  p  ,  orsd  then  the  design  of  the  structure 
First  of  oil,  R|  could  be  computed,  based  on  the  ossumed  tuflo  o‘  Sj  P,.  Ther.  p^^  could  be  determined  from  Eqsrotion  (53) 
Based  on  o^,  the  roof  would  be  desigrsed  ond  the  *  corresponding  to  p^  could  be  comp«ited  Then,  horn  the  computed 
ond  (  T'  f  )^  would  be  computed  from  Equation  (67)  ond  the  theoreticol  value  of  S  Rj  could  be  fourvd  from 

Equotion  (65)  or  {6W.  or  from  Figure  20  The  sequence  would  be  repeo»ed  until  th*  5^  bosed  on  ’he  InltioHy  assumed 
R|  is  equot  to  the  finol'y  computed  voluc  of  Rj 

For  comporison,  the  above  expression*  fiove  been  used  with  o  given  structure,  c  10  ft  x  10  ft  *  10  ft  cuPe  hovirsg 
different  volues  of  *  Different  soils  ond  different  depths  of  burtol  were  considered  For  eose  of  computoiion  the  dimen- 
jicm  of  the  excovotion  were  token,  ideollv.  the  some  os  rhose  o*  the  structure  The  results  of  the  comporison  or*  shown 
In  Toble  I,  orsd  vividly  I!!jstro»e  the  followirsg: 

1  Fev  different  soils,  the  difference  m  p  p  »a»  smoli,  rso  mofter  wKot  the  volues  of  x  ond 

2  The  mo.ximum  orsd  minimum  volues  of  P  p  ,  tor  oil  coses  considered,  hod  o  smoll  ronge;  I  32  to 

I  O'  Thot  is,  "'or  these  coses  the  equivalent  stotic  overpressure  which  would  be  used  *of  design  would  'cmge 
from  76  to  93®«  cf  the  peok  overpressure 

3  A  chor'ge  In  x  from  i  ft  to  0  I  ft  resulted  in  o  rveorly  constonf  equivolent  stotic  overpressure  which  wqs  very 
rseo'ly  90'^  of  the  peok  vplue  ‘or  oM  coses 

4  Fo'  «  vclue  of  X  •  C  I  ft,  on  Irscrec  t  In  from  I  47  ;ec  to  2  94  sec  resulted  In  o  slight  chorsgc  in  the 

neorly  constonf  eoulvolent  stotic  overpi enure  The  percentoge  chorsged  ‘rem  90  to  92%  of  the  peak  o -'erpressure 

5  The  rollo  p  p  chorsges  very  little  with  prorsorjr^ced  chorsges  in  H  I 
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It  appears  tliat  the  major  factors  which  influence  the  magnitude  of  the  equivalent  stotic  overpressure  are  the  vertical 

deflection  of  the  structure,  ond  the  dorotion  time,  t  T*^?  equivalent  static  overpressure  decreases  os  x  increases  and  as 

d 

t^  decreases 

The  moin  point  to  be  emphosized  is  that  the  rotio  of  the  equivalent  stotic-overpressure  falls  in  the  range  of  obout 
76%  to  93%  of  the  peak  overpressure.  Therefore,  the  assume-'jheck  approach  should  be  relatively  easy  for  a  given  design. 
Or«ce  the  pressure- time  relatiorsship  is  established,  the  equivalent  static  pressure  can  be  accurotely  estimated,  the  pressure 
on  the  top  of  the  structure  can  be  determined  by  the  theory  developed  for  stotic  loads,  the  roof  con  be  designed,  x  can  be 
computed,  ond  firsally  the  ratio  can  be  checked. 


R 

Fig.  20  Reloticnship  betweers  (T'  t  )  ond  S  R 

d 
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It  will  tubsequently  b«  shown  that  equations  of  precisely  the  some  from  os  Equotion  (61)  con  be  developed  for 
the  projection  coses.  The  solution  and  use  of  these  equations  would  be  exoctly  the  some  os  that  of  Equation  (61). 

DYNAMIC  LOADS  ON  PROJECTING  STRUCTURES 


Positive  Projecting  Structures 

For  the  projection  conditiorss  (r^^  positive),  cortsider  the  free-body  diogrom  of  Figure  9. 

2 

i-  *  vV  -  (P  +  dP)  +  2'/-  +  2V,,  =  —  14 
'  B  D  g 

where,  os  before,  x  represents  the  vertical  movement  of  the  element.  Then 


.  „  ,  2c  2Ktars^  w  d^x , 

dp  -  dh  (w  +  -  P  ~  — 3) 


op  -  on  vw  .  r  _j_  p  -  _ 

s  s  "  dt  ' 

For  the  complete  projection  condition,  the  boundary  conditions  would  be  p  =  p^  when  h  =  0  and  i-  =  p^  when  h  =  H 

The  solutio.n  of  the  equation  would  be 
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which  con  be  written  in  the  simplified  form  shown  here 


where  S-  = 


2  ~  "wT 


''2  ^ 


J,  -^4  +  R,  =  ^2  ( '  -  T-  ) 

^  d/  ^  ^  'd 


(-2Kton^  •^) 


l_j  (-2Ktan^  •^) 

’*  I  /  7c  .  , ,  e  *  -I 
y  2fCran^ — 


Q,  =  -  i  1 
2  g 


(-2Ktai4  Ji) 
L, 


The  use  of  Equotion  (72)  parallels  that  of  Equotion  (61).  Equation  (74)  is  the  some  os  Equation  (36)  where  Rj  = 
For  the  incomplete  projection  condition,  the  boundary  conditions  would  be 
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The  solution  of  Equotion  (69)  would  be 
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Equation  (80)  is  the  some  os  (37)  where  R.  =  ^u  . 

s 

For  the  ditch  condition  (r^^  negative),  consider  the  free-body  diogrom  of  Figure  3. 
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For  the  complete  ditch  condition,  the  boundory  conditions  would  be  p  -  p^  when  h  =  0  and  p  =  P|_j  when  h 
and  the  solution  of  the  equation  would  he 
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Equation  (85)  may  be  written  in  the  form 
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Equation  (33)  ir.  the  same  as  Equation  (36)  where 
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In  the  case  of  tlie  incomplete  ditch  condition,  the  boondory  conditions  would  be 
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Solving  Equation  (88)  for  ^t 
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Equation  (94)  is  the  same  as  Equation  (37)  where  Rr  =  ^u 
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Negative  Projecting  Structures 

TKe  development  of  similar  expressions  for  negative  projecting  structures  would  be  exactly  the  same  as  the 
previous  developments.  The  resulting  expressions  are  listed  os  follows 
For  the  complete  ditch  condition 
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Equation  (98)  is  the  some  as  Equation  (41)  where  R.  =  — r-  • 
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For  the  incomplete  ditch  condition; 
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Equation  (102)  is  the  same  as  Equation  (42)  where  . 
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CONCLUDING  REMARKS 

This  paper  is  a  part  of  a  report  prepared  foi  the  Defense  Atomic  Support  Agency,  DASA-1406.  The  analysis 
presented  is  based  on  a  rationol  approach  for  predicting  the  behovior  of  underground  structures  subjected  to  time-dependent 
overpressures,  and  for  determining  the  pressures  transmitted  to  the  structures.  A  close  relationship  is  shown  between  the 
analyses  of  pressures  produced  by  static  overpressures  and  those  produced  by  o  porticulor  type  of  time-dependent  over¬ 
pressure,  thus  emphasizing  the  importance  of  a  thorough  understanding  of  static  lead  behavior.  However,  it  must  be 
pointed  out  that  the  procedure  is  based  on  a  number  of  assumptions,  some  involving  the  overall  behavior  characteristics  of 
the  entire  system  and  others  related  to  the  quantitative  effects  of  factors  which  influence  the  behavior.  Therefore,  there  is 
an  obvious  need  for  physical  research  to  evaluat  the  method.  Initiol  work  should  be  directed  toward  determining  the 
validity  of  the  concept,  particularly  with  respec*  to  the  neglecting  of  the  stress  wave  effect.  If  the  initial  work  serves 
to  justify  the  assumed  modes  of  behavior,  the  next  step  should  be  the  determinotion  of  quantitotive  effects  for  simple 
systems.  In  particular,  the  effects  of  construction  methods,  relative  seulement,  structural  deformation,  and  soil  properties 
should  be  studied.  After  the  general  behavior  of  simple  systems  hos  been  established,  other  voriables  should  be  introdu  ed, 
variables  such  as  the  effects  of  ground  water  and  the  heigh*  of  the  water  table,  and  the  effect  of  layered  sails.  In  con¬ 
clusion,  it  is  apparent  that  much  physical  research  is  needed  to  establish  the  behavior  pattern  and  to  form  the  basis  for  a 
design  procedure. 
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LIST  OF  SYMBOLS 
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B 

c 

D 

E 

F 

H 

H' 

He 

Hs 

h 

K 

L 

N 

P 

P’ 

ph 

Po 

Ps 

Pt 

Pu 

P 

P' 

Q 

fsd 

R 

S 

ds 

sd 


Sf 


area  of  adjacent  effective  soil 

horizontal  dimension,  with  subscripts:  d  -  ditch-type  excavation,  s  -  structure 
soil  cohesion 

horiz  dimension,  with  subscripts:  d  -  ditch-type  excavation,  s  -  structure 

modulus  of  compressibility  of  soil 

total  frictional  force  (see  Figure  9) 

height  of  fill  material  above  top  of  structure 

height  of  fill  material  above  natural  ground  surface  for  negotive  projecting  structure 
height  of  plane  of  equal  settlement  above  top  of  structure 

height  of  plane  of  equal  settlement  above  natural  ground  surface  for  negative  projecting  structure 
height  of  structure 
vertical  coordinate 
lateral  pressure  coefficient 

length  parameter  defined  by  L  =  BD/B  +  D  with  subscripts:  d  -  ditch-type  excovation,  s  -  structure 
normal  force 

vertical  pressure  in  soil  prism  at  level  h 

vertical  pressure  in  adjacent  effective  soil  at  level  h 

vertical  pressure  in  soil  prism  of  top  of  structure 

initial  (and  peak)  time-dependent  overpressure 

vertical  pressure  on  top  of  structure 

time-dependent  overpressure  ot  time  t 

uniform  static  air  overpressure 

total  vertical  pressure  in  soil  prism  at  level  h 

total  vertical  pressure  in  adjacent  effective  soil  at  level  h 

dimensionless  ratio 

ratio  of  height  of  positive  projecting  structure  to  Lj 
ratio  of  heigh.'  of  negative  projecting  structure  to  Lj 
settlement  ratio 

dimensionless  ratio  equal  to  p^wL 
dimensionless  ratio  equal  to  p^/wL 
deflection  of  top  of  structure  with  respect  to  the  base 

compression  of  soil  prism  between  top  of  structure  and  natural  ground  surfoce  for  rsegative  projecting 
structure 

settlement  of  foundation  of  structure 
settlement  of  natural  ground  surface 

deformation  of  fill  material  adjocent  to  positive  projecting  structure,  between  natural  ground  surface 
ond  top  of  structure 
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t 

'd 

T* 


W 

X 

\ 

A' 

4> 


time 

duration  of  actual  overpressure 
duration  of  equivalent  overpressure 
quantity  defined  as  T'  ’  R 

shearing  force 
v^eight  of  soi  I  mass 
unit  weight  of  fill  material 
displacement  of  failure  mass 
ratio 

compression  of  soil  prism  between  the  top  of  the  structure  and  'he  plane  of  equal  settlement  (positive 
projecting  structure);  and  compression  of  soil  prism  between  the  natural  ground  surface  and  the  plane 
of  equal  settlement  (negative  projecting  structure) 

compression  of  the  adjacent  effective  soil  between  »he  top  of  the  structure  and  the  plane  of  equal 
settlement  (positive  projecting  structure);  and  compression  of  the  adjacent  effective  soil  between  the 
natural  ground  surface  and  the  plane  of  equal  settlement  (negative  projecting  structure) 
angle  of  internal  friction  tor  the  soil 
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SIMILARITY  REQUIREMENTS  FOR  UNDERGROUND  STRUCTURES 

by 

Donald  F.  Young*  ood  Glenn  Murphy** 


ABSTRACT 

Similarity  requirements  for  predictirsg  the  dynamic  response  of  underground  structures  ore  derived  orsd  checked 
experimerrally .  Dimensionol  analysis  is  used  to  develop  the  required  relationships  between  the  model  or»d  prototype  sys¬ 
tems.  Tests  which  were  performed  in  a  two-foot  diameter  vertical  shock  tube  using  smoll  hollow  aluminum  tuEies,  embedded 
in  dry  sand,  os  the  model  structures  are  described.  The  tubes  were  instrumented  with  SR-4  stroin  gauges,  ond  stroin-time 
corves  were  obtained  for  several  depths  of  burial.  Peak  reflected  surface  pressures  voried  from  60  psi  to  460  psi.  The  test 
results  support  the  proposed  scoling  relotionships . 


INTRODUCTION 

To  estobl.’sh  reliable  similitude  requirements  for  a  given  mode!*profo^ype  system,  oil  voriubles  thof  influence  the 
phenomena  must  be  de‘ir>ed.  As  experience  is  gained  with  a  porticulor  type  of  system,  or  general  doss  of  problems,  the 
significant  variobles  become  well  defined,  ond  conventionol  model  theory  con  be  applied  with  confidence.  Scale  models 
ore  now  widely  used  in  mony  areas  of  ersgineering.  These  models  find  their  widest  opplicotion  in  the  solution  of  complex 
problems  that  canrsot  reodily  be  solved  orsalytically .  The  use  of  models  for  the  prediction  cf  the  behovior  of  underground 
structures  is  attractive  because  these  problems  ore  complex  and  difficult  to  solve.  It  is  not  feasible  to  test,  at  leost 
exterssively ,  the  full-scole  prototypes  due  to  their  large  size  ond  other  foctots.  The  use  of  models  Is  desirable,  therefore, 
since  models  ore  relatively  easy  to  fobricote  ond  test 

The  significant  soil  properties  that  govern  lood  transmission  and  soil -structure  interoction  ore  not  known  There¬ 
fore,  similitude  requirements  for  predicting  the  resporue  of  dymmicolly  loaded  buried  structures  conrsot  be  developed 
immediotely  The  purpose  of  the  investigation  reported  herein  wos  to  develop  similitude  requirements  for  buried  structures 
ond  to  check  experimentally  the  proposed  requirements. 

The  experiments  described  in  this  popcr  were  performed  with  o  verticol  shock  tube  hoving  o  two-foot  outside 
diometer.  This  device  is  o  cylindricol  steel  tube,  open  at  both  ends  artd  mounted  verticoHy  An  explosive  chorge  of 
Primacord  con  be  suspersded  or>d  exploded  ot  the  upper  end  erecting  o  shock  wove  that  propogotes  down  the  length  of  the 
tube  The  lower  end  of  the  tube  is  located  directly  over  o  soil  bin  of  the  same  diameter  os  the  shock  tube,  ond  the  resul¬ 
tant  shock  wove  Impirsges  directly  on  the  soil  surface  One  of  the  significont  chorocterlstics  of  this  tyoe  of  looder  is  thot 
the  resultirsg  voriotlon  in  oressure  octirsg  on  the  soil  surfece  is  similor  to  thot  due  to  cn  urtconfined  high  explosive  or 
rsucleor  blost,  i.e  ,  the  initial  rise  in  pressure  is  practically  insiontorseous  with  o  resultirsg  exponentiol  decoy  in  pressure 
and  o  relotively  long  duration.  The  durotion  is  defined  os  the  time  required  for  the  surfoce  pressure  to  decoy  to  the 
ombient  pressure.  It  is  oUo  possible  with  this  device  to  obtoin  relotively  high  surface  peek  pressures.  The  highest  peck 
pressure  obtoined  in  the  series  of  tests  to  be  described  wos  464  pit  with  o  durotion  of  opproximoicly  I  j  millisecorsdi 

TEST  FACILITY  AND  MODUS 

A  schematic  of  the  basic  elements  of  the  shock  tube,  soil  bin,  ond  models  is  shown  in  Figure  '  The  soil  cover 
for  all  tests  wos  dry  Ottowo  20-30  sand  The  model  structures  used  in  cM  tests  were  hollow  oluminsrm  circular  cylirsders 
of  three  different  sizes  The  overoge  outside  diorrteten  of  the  test  cylinders  were  4  02,  2  00  orsd  I  00  in  with  well 
thicknesses  of  0  253,  0. 126  ond  0  063  in  .respectively  The  cylinder  length  to  diometer  rotio  wos  2  The  4-in.  ond 
1  -in  cylinders  were  cut  from  6061 -T6  oHoy  oluminum  tubirsg  The  specific  composition  of  the  oluminssm  vrsed  for  the 
2-in  cylinder  is  unknown  Since  the  structures  were  not  to  be  tested  beyond  the  elostic  rorvgc,  slight  differences  in 
densities  cnc.  morJuli  o*  eloificity  were  rvof  considered  to  be  significont 

The  dependent  vo'ioble  meosured  in  the  tests  wos  circumferentiol  strain  Eoch  cylinder  wos  instrumented  with 
two  circumferential  SR-4  strain  gouge^  ond  one  longitudirrol  gouge  (Figure  I  c)  Type  A-6  gouges  were  used  on  the  4-in 
cytirsder,  A-5  gouges  on  the  2-in  cylindci,  orsd  A-7  gouges  cn  the  l-in  cylinder  The  gouges  were  scoled  in  the  some 
ratio  os  the  cylinders  The  longitudinol  gouge  was  used  to  check  for  stresses  induced  due  *o  beom  oction  of  the  cylinders. 

*  ^oEessor.  Deportment  of  Engirrecrirrg  Mechonics,  lowo  Stote  University,  Ames,  l^eo. 

•*lhofesK*r  ond  Heod,  Deportment  of  Nucleor  Ersgineerirsg,  Iwwo  Sto»e  University,  Ames,  lowo 
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To  mor  itor  the  reflected  pressure  acting  on  the 
soil  surfcxc,  two  Gronoth  ST-2  pressure  gauges  were 
ploced  flush  with  the  soil  surface,  3  to  4  inches  frorri  the 
inside  edge  of  the  bin  (Figure  1  b).  Two  oddifional 
pressure  gouges  of  the  some  type  were  located  in  the 
woll  of  the  shock  tube  approx  i  mote  I  y  5  inches  and  25 
inches  above  the  soil  surfoce.  These  gauges  were  used 
So  monitor  the  overpressure  in  the  tube. 

The  sand  was  looded  into  the  soil  bin  by  the 
'  raining  technique"  (1).  With  this  technique,  the  sand 
is  loaded  into  o  container  end  allowed  to  "rain"  or  foil 
through  o  funnel  and  o  2-in.  diometer  flexible  rodiotor 
hose  that  is  capped  by  o  No.  4  or  No.  5  wire  mesh.  If 
the  sand  is  allowed  to  foil  freely  for  a  distance  of  about 
12  inches  below  the  end  of  the  hose,  o  dense  and  uni¬ 
form  state  of  compaction  is  achieved.  The  average 
specific  weight  of  the  sand  wos  110. 5  pcf.  The  sand 
wos  filled  to  the  top  of  the  bin  for  each  shot  and 
covered  with  a  thin  plastic  membrane.  Two  small  holes 
were  cut  in  the  membrane  so  thot  the  sensirtg  surfaces  of 
the  pressure  gauges  were  exposed  to  the  shoclc  wave. 

The  output  sigrsals  from  both  pressure  gauges 
ond  strain  gauges  were  recorded  on  magnetic  tope  The 
stored  data  were  then  played  back  into  o  sixteen- 
channel  Miller  light  recordirsg  osciHogroph  for  immedi¬ 
ate  irwpection  to  see  if  all  chonnels  were  operotional. 

A  firsol  record  for  each  gouge  wos  obtained  by  ployirsg  ^SOH.  BIN  SU^PONT  [ 
the  signol  from  the  mogrsetic  tope  into  an  oscilloscope  SECTION  OF  SOIL  BIN 

and  photographing  the  trace  with  a  f*olaroid  otcillo-  AmO  SmOCK  TUBE 

scope  camera  The  final  doto  for  the  shock  tube  tests  ,  Schematic  of  Two-Foot  Shock  Tube 

were  obtained  from  ‘hese  roloroid  pictures.  A  more 

detoMed  description  of  the  shock  tube  arsd  instrumentation  con  be  found  in  a  report  by  Holt  ond  Crist  (2). 

The  intensity  of  the  shock  wave  wos  controlled  by  the  length  ond  the  strength  of  the  Primocord  high  explosive 
suspended  from  the  upper  end  of  the  tube  Hovever,  it  wos  rsot  possible  to  control  the  durotion  of  the  pressure  pulse.  The 
minimum  ond  moximum  peak  reflected  surface  pressures  used  in  the  tests  were  opproximotely  60  psi  ond  464  psi,  respec¬ 
tively,  ond  most  of  the  tests  were  run  ot  on  overage  pressure  of  100  psi .  As  noted  previously ,  the  duration  time  wos 
opproximotely  15  milliseconds. 

The  2  -in.  ond  1-in.  diometer  cylinden  were  tested  in  the  b‘n  ot  the  some  time.  The  cylinders  were  ploced  so 
thot  their  center  lines  were  between  5-1  2  orrd  6  in  from  the  edge  of  the  soil  bin  (Figure  1  b)  The  tests  with  the  4-in 
cylinder  were  run  with  only  a  single  cylinder  in  the  bin 

DIMENSIONAL  ANALYSIS  AND  MODEL  DESIGN 

To  estoblish  model  design  conditions  for  this  problem,  the  method  of  dimemiorsol  onolysis  was  used  With  dsis 
technique  the  voriobles  thot  control  the  depersdent  vorioble,  circumferentiol  strain  in  this  cose,  must  be  known  or  assumed. 
The  chief  difficulty  in  deolirsg  with  problems  involvitsg  soils  is  the  determirsotion  of  significonf  soil  properties  For  this 
study  it  wos  ossumed  thot  in  oddition  to  the  density  of  the  soil  oH  otfier  pertinent  soil  porometers  (  fj  )  hove  the  bosic 
dimerttiorss  of  FL*^  (F  force,  L  -  lersgth)  or  ore  dimemionless  This  ouumption  implies  thot  o  'oH  property  reloted  to 
strain  rote  effects  need  r»ot  be  considered,  ot  least  not  for  reloti/ely  noncohesive  soils  Also  grovitotiorsol  effects  were 
neglected  This  Implies  thot  the  deed  load  stroim  (resultirsg  from  the  weight  of  the  structure  ond  soil  cover)  will  be  smoU 
compered  with  the  live  load  stroins  A  more  detolled  discussion  of  the  soil  properties  orsd  die  significonce  of  these  ossump- 
tions  con  be  found  in  a  report  by  Murphy  orsd  Yoursg  (3) 

The  list  of  voriobles  considered  in  the  orsolysis  of  this  problem  is  given  in  Toble  I 
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TABLF  1  -  LIST  OF  VARIABLES 


Vorioble 

Definition 

Bosic  Dimen: 

< 

stroVi 

D 

outside  Cylinder  diameter 

L 

b 

Cyi’  tde'  well  thickness 

L 

Jt 

length  of  cylirsder 

L 

d 

depih  of  burial  of  structure  (r.'-eosured  from  top  of 
cylinder  to  soil  sjr‘ace) 

L 

P 

ftressure  cct'fsg  on  soil  suifo>:-'i 

FL-? 

t 

time 

P 

initial  dersity  of  soil 

FT^L-^ 

density  of  cylinder  moteriol 

FT^L-'* 

E^ 

modulus  of  elasticity  of  cylinder  rrysteriol 

FL-^ 

G 

modulus  of  rigidity  of  cylirtder  material 

fl-2 

”1 

property  ot  soil 

FL-? 

’'i 

other  properties  of  scyil 

Fl"^ 

Application  of  th«  Buckingham  Pi  Theorem  indicotes  that  10  dimerwionleis  p<  rometers  (Pi  termi)  err  r^cuired  ro 
describe  the  problem  One  possible  set  is; 


"7  =  ^- 


1  i 

*^2  D 

ne-4 


"3  =  a 

n,  =  f 


„  d 
^4  D 


q  =9. 

*‘5  E 


n  .L? 

6  P 


The  functional  relotiotsship  between  the  Pi  terms  can  be  written  os; 

n  I  =  f  (Hj,  ITj,  ,  Rjq)  (11 

Since  the  some  relatior»hip  will  hold  for  both  model  ond  prototype  systems  os  lortg  os  the  phenomerso  is  the  some  in  both 
systems  it  follows  that; 

n,  -  n,  {?: 

I  Im 


where  the  subscript  m  refers  to  the  model  system  Epsxilion  (2)  is  the  prediction  equotion  ond  Equotions  (31  represent  the 
rrsodcl  design  corsditions 

Design  conditions  bosed  on  112.  [^3.  orsd  0^  require  thot  the  models  be  geornetricolly  similor  to  the  prototype 
orsd  buried  c»  scoled  depths  The  geometry  of  the  soil  bin  wos  no*  considered  in  the  onolysii  However,  it  is  known  thot 
'*woll  effects”  con  costse  a  significont  ottenuotion  in  pressure  with  depth  orsd  represents  o  potentiol  source  n'  dtstrution 
If  the  some  combirsotion  of  moteriols  is  used  in  the  model*  ptototype  systems,  design  conditions  bosed  on  H  5  (1^.  H  ^ 
ond  rig  will  be  sotiified  The  design  condition  bosed  on  Ilg  is- 

p  Pm 

I  r. 
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which  indicotei  the  p  =  p^  since  E  =  E^,  i.e. ,  the  magnitude  of  the  pressure  acting  on  the  surface  of  the  soil  must  be  the 
some  in  oil  tests.  Since  the  surface  pressure  is  time  dependent,  this  condition  indicates  that  at  homologous  times  the  pres¬ 
sures  must  correspond  This  means  that  if  the  time  scole  is  other  than  unity  then  the  variation  in  surface  pressure  must  be 
of  the  some  form  for  a  mode  I -prototype  system  but  scaled  in  time.  The  design  condition  based  on  n|Q  establishes  the  time 
scole  for  the  problem  as: 


As  discussed  in  the  previous  section,  it  was  not  peesible  to  vary  the  duration  of  the  pressure  pulse  in  the  shock  tube,  ond  it 
was  opparent  thot  the  loading  design  cortdition  would  be  distorted.  However,  tests  performed  under  the  specified  design 
conditions  with  the  recognition  of  the  distortion  in  the  loading  term  would  probably  give  an  indication  of  the  importance 
of  the  various  assumption  involved  and  would  se  of  value  in  planning  future  tests. 

TEST  PROCEDURE 

The  initial  step  in  the  preparation  of  a  given  test  wos  to  remove  the  tend  in  the  soil  bin  to  o  depth  of  12  inches 
below  the  depth  at  which  the  bottom  of  the  cylinder  wos  to  be  placed.  The  send  was  then  allowed  to  "rain"  into  the  soil 
bin  until  the  proper  depth  was  reached.  The  cylinder  was  placed  on  the  sand  surface,  and  the  sand  was  allowed  to  "rain" 
around  the  cylinder  while  It  wos  held  in  position.  After  the  cylinder  wos  covered,  the  roining  technique  was  contifioed 
until  the  soil  bin  wos  filled  to  the  required  depth.  It  is  estimated  that  the  depth  of  burial  of  the  cylinder  was  accurote  to 
♦  1/16  in.  The  weight  of  the  sand  added  to  the  soil  bin  wos  recorded,  ond  this  weight  combined  with  the  volume  of  the 
rail  bin  provided  the  average  send  density.  As  the  sand  was  rained  into  the  bin,  some  of  the  sand  grains  fell  outside  the 
bin.  The  sand  that  escaped  t!.e  soil  bin  wot  collected  and  weighed  to  that  a  proper  weight  could  be  used.  This  was  o 
source  of  error  and  could  account  for  some  of  the  voriotions  in  the  sond  density  measurements.  After  the  sand  was  filled 
to  the  top  of  the  soil  bin,  the  surface  was  leveled  with  a  stroight  edge  drawn  across  the  top  of  the  bin .  The  $o>!  pressure 
gouges  were  then  placed  so  that  their  sensing  surfaces  were  flush  with  the  upper  surface  of  the  sond.  As  much  care  as 
possible  was  taken  in  the  placement  of  these  gauges  so  that  both  gauges  would  be  positioned  in  the  some  manner.  How¬ 
ever,  some  of  the  differences  between  the  readings  of  the  two  surfoce  pressure  gauges  were  due  to  the  inability  to  position 
each  gauge  in  exactly  the  some  manner.  After  the  gauges  were  In  position,  a  thin  plastic  membrane  wos  stretched  over 
the  entire  surface  of  the  soil  bln,  and  two  small  holes  were  cut  in  the  membrane  so  that  the  sensing  surfaces  of  the  pres¬ 
sure  gouges  were  exposed  to  the  shock  wave.  This  membr.ane  was  held  tightly  in  position  with  o  plostic  tape.  After 
these  steps  were  completed,  the  soil  bin  was  positioned  directly  under  the  shock  tube. 

The  pifessore  gauges  were  calibrated  by  applyl.-ig  o  sfotic  pressure  at  least  once  o  day,  ond  the  strain  gauges  were 
calibrated  immediately  before  firing.  When  the  gauges  were  colibrated,  the  Primacord  charge  was  loaded  into  the  upper 
end  of  the  shock  tube,  and  the  shot  was  fired. 

In  most  shots,  the  coverlrsg  membrone  wos  torn  off  by  the  shock  wove.  However,  little  sond  was  thrown  out  of 
the  soil  bin,  end  the  surfoce  was  only  slightly  disturbed.  After  eoch  firing,  the  sand  was  carefully  removed  so  that  the 
position  of  the  cylinder  ofter  the  shot  could  be  determined.  It  was  noted  in  oil  coses  that  the  cylinder  moved  upward  and 
thot  the  firvil  depth  of  burial  after  a  shot  wos  less  thon  the  initiol  depth  of  burial.  Pressure-time  traces  and  the  strain- 
time  troces  were  obtained  from  the  Polaroid  pictures  taken  with  the  oscilloscope-comero  system.  With  the  test  procedure 
described  in  this  section,  two  to  three  shots,  depending  upon  the  depth  of  buriol,  could  be  completed  in  a  given  day.  All 
tests  were  run  ond  dote  recorded  by  personnel  at  the  Air  Force  Shock  Tube  Focility. 

TEST  RESULTS 

For  the  tests  run  in  the  two-foot  shock  tube,  oil  design  conditions  assumed  to  be  significont  were  satisfied  with 
the  exception  of  t!>e  one  related  to  the  loading.  As  noted  previously,  it  was  not  possible  to  change  the  shape  of  the 
surfoce  pressure-time  curve.  However,  the  peak  pressures  were  held  os  nearly  constant  as  possible  for  all  tests  in  which 
cylinders  of  different  sizes  were  to  be  compa'ed.  The  peak  strain  measured  on  both  the  top  and  bottom  gouges  indicated 
a  tensile  stress.  The  stroirts  indicated  by  the  longitudinol  gouge  were  much  smaller  thon  those  measured  by  the  circum¬ 
ferential  gauges,  and  in  most  of  the  tests  the  peak  longitudinal  strains  were  less  than  20  percent  of  the  peek  circumferen- 
tfol  strains.  The  longitudinal  strain  troces  were  much  more  errotic  or  rondom  in  oppeoronce  and  it  appeared  that  the 
bending  of  cylinders,  which  gave  rise  to  the  longitudiisol  strain,  was  of  minor  importance  compared  with  the  circum¬ 
ferential  strolns.  Future  reference  to  strains  will  apply  to  circumferentiol  strains. 
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An  enlarged  ^ypical  pressure-time  trace  is  shown  in  Figure  2  and  an  enlarged  strain-time  troce  in  Figure  3.  One 
af  the  disadvontages  of  recording  the  dato  on  Polaroid  ^’^m  is  that  the  troces  are  $tT>all  and  some  occurocy  is  lost  in  reading 
values  from  the  photogrophs.  The  doto  given  in  this  report  show  tne  strain-time  and  pressure-time  traces  over  a  relatively 
lorsg  period  of  time.  If  a  more  detailed  study  of  the  response  of  the  cylinders  during  the  initial  port  of  the  loading  is  de¬ 
sired,  the  trace  con  be  expanded  hy  varying  the  sweep  time  on  the  oscilloscope,  although  this  mokes  the  transfer  from  the 
magnetic  tope  to  the  film  (i,.jre  difficult.  It  Is  estimated  that  errors  due  to  reoding  the  data  from  the  photographs  used  in 
the  present  study  ore  opproximately  +  3  percent  for  peak  stroirss.  However,  rise  limes  con  be  in  error  by  approximately 
+  50  percent,  since  they  ore  of  such  short  durotion  ond  ore  difficult  to  read  accurately  from  the  photographs. 

An  attempt  was  mode  in  most  of  the  tests  to  ho'd  the  peek  tefiected  pressure  at  100  psi .  Variations  in  the  recorded 
pressure  from  this  value  were  most  likely  due  to  smoll  differences  its  the  explosive  charges  ond  to  errors  in  the  readings  of 
the  surfoce  pressure  gouges  due  to  slightly  different  support  conditions  of  the  sand  under  the  gauges.  Figures  4  and  5  show 
the  results  of  the  peak  strain  tests  for  the  three  cylinders.  For  these  tests,  the  depth  io  diometer  rotio  varied  from  0.5  to 
4.0.  Two  tests  were  mode  with  o  given  evlinder  at  o  specified  depth  of  burial.  The  points  plotted  in  Figures  4  and  5  re* 
present  the  averoge  value  of  the  strain  for  these  two  runs.  In  addition,  the  overage  measured  surfoce  pressure,  Lsased  on 
the  Qveroge  reodirsg  from  ^e  two  surface  gauges,  fell  between  79  psi  ond  121  psi.  In  most  of  the  tests,  on  individual 
strain  reading  deviated  from  the  average  of  o  pair  by  less  than  +  10  percent,  with  o  maximum  deviation  ot  32  percent  from 
on  overage  for  one  pair. 

No  significant  difference  in  the  peak  strain  predicted  wos  rsoted  from  one  cylindei  to  another.  The  voriotions 
appear  to  be  rorsdom  and  fall  within  the  rorsge  of  experimentol  errors  There  is  more  scotter  in  the  doto  for  the  top  gouge 
than  for  the  bottom  gauge,  ond  the  peck  streifK  indicated  by  the  bottom  gauge  are  considerably  higher  thon  those  of  the 
top  gouge.  All  date  with  the  exception  of  the  top  gouge  points  for  the  2-in.  cylinder  Indicote  a  decreose  in  strain  with 
depth  with  o  possible  leveling  off  ot  o  depth  to  diameter  rotio  of  opproximately  2. 

To  determine  the  effect  of  peak  surface  pressure  on  peak  stroins,  severol  tests  were  run  at  o  depth  to  diameter 
rotio  of  2.0  with  the  1-in.  orsd  2-in.  cylinders.  For  these  tests,  the  surface  pressure  wqs  varied  from  approximately  50  to 
500  psi  (Figures  6,  7).  The  peak  strain  is  plotted  agairtst  peak  surface  pressure  which  is  the  averoge  peak  pressure  meosured 
by  the  two  surface  gauges.  There  appears  to  be  o  lineor  relotiorwhip  between  peak  strain  or;d  pressure,  ond  the  corves  that 
ore  drown  through  the  plotted  points  were  obtained  by  at  leost  squores  fit  with  o  zero  ordirsote  For  the  bottom  gouge 
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reodings,  there  is  no  sigriiticont 
variation  among  the  data  from  the 
three  cylinders.  This  supports  the 
proposed  model  design.  The  points 
for  the  1-in.  cylinder  appear  to  be 
Slightly  higher  in  the  top  gouge  data 
of  Figure  6  then  those  for  the  2-in. 
cylinder,  and  seporote  curves  were 
drown  for  these  two  cylinders. 

If  the  assumption  is  mode, 
which  is  supported  by  the  data  cf 
Figures  6  and  7,  that  peak  strain  is 
direc  !y  proportional  tc  sur‘  vee  pres¬ 
sure,  then  the  .trains  which  were 
plotted  in  Figures  4  and  5  can  all  be 
normalized  to  100  psi.  A  comporison 
of  the  normalized  data  with  the  data 
plotted  in  Figure.  4  and  5  shows  no 
significant  difference  in  results.  This 
observation  supports  the  conclusion  5 
that  the  scatter  in  the  peak  stroin  date  ^ 
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of  Figures  4  and  5  is  due  primor.'iy  to 
factors  other  than  differences  In  sur¬ 
face  pressures  from  run  to  run .  The 
principal  reason  for  this  scoter  is 
most  likely  the  difficulty  in  compact¬ 
ing  uniformly  the  sand  in  the  immedi¬ 
ate  vicinity  of  the  tiist  cylinder. 

Although  if  is  not  expected 
:  at  the  volidity  of  the  proposed  time 
scaling  could  be  conclusively  estot- 
lished,  since  the  loading  was  not  time 
scaled,  it  is  of  interest  to  compare  the 
complete  strain- time  curves  for  the 
differeni  sized  cylinders.  For  this 
comparison,  severe!  tests  in  which  the 
peak  strains  of  the  different  cylinders 
correlated  closely  were  considered. 

Figures  8  and  9  show  strain-time 
curves  for  different  cylinders  for 
which  all  design  conditions  were  satisfied  with  the  exception  of  time  scoling  on  looding.  Although  there  ore  differences 
in  the  relative  appearonces  of  the  various  so’S  of  curves  shown  in  these  two  figures,  for  times  greoter  than  approximately 
the  rise  time  (time  to  peak  strain)  the  curves  tend  to  coincide.  This  is  especially  evident  in  Figure  8,  The  rise  times  do 
not  coincide  but  tenu  to  deviate  in  a  manner  that  could  be  accounted  for  with  the  proposed  time  scaling;  i.e  ,  the  lorger 
the  mode!  size  the  greater  the  rise  time.  However,  as  pointed  out  previously,  the  inaccuracies  associoted  with  reading 
the  rise  time  from  the  Polaroid  prints  ore  of  the  same  order  as  the  value  of  the  rise  time.  In  most  of  the  strain-time  corves 
regardless  of  cylinder  size,  a  pronounced  hump  appears  in  the  trace  at  approximately  15  to  18  milliseconds  after  impact. 
The  cause  of  this  increase  in  strain  is  not  known  and  does  not  appear  to  be  directly  ossocioted  with  a  boundary  reflection, 
since  the  time  intervoi  to  its  occurence  is  too  great.  Another  pronounced  and  unexplained  peak  occurs  at  2  to  4  milli¬ 
seconds  after  Impact  on  most  traces.  In  all  tests,  it  was  found  that  the  cylinders  moveo  upward,  and  the  final  depth  of 
cover  was  less  than  the  initial  depth.  The  4-in.  cylinder  moved  up  opproximotely  1  in. ,  the  2-in.  cylinder  approximately 
1  .5  in.  ,  ond  in  most  of  the  tests  with  the  1-in.  cylinder  buried  ot  depths  of  2  in.  or  less  the  cylinder  moved  up  to  the 
soil  surface.  A  complete  tabulation  of  all  data  obtolned  in  these  tests  can  be  found  in  a  report  by  Murphy,  Young  and 
Martin  (4) . 


Fig.  6 
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Variation  in  Top  Gauge  Peak  Stroins  with  Surface 
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DISCUSSION  OF  RESULTS 


The  result*  of  the  tests  in 
the  two- foot  shock  tube  con  be 
grouped  into  two  cotegories,  those 
wh'ch  ore  of  a  more  general  and 
qualitative  rxjture  ond  those  which 
apply  specificolly  to  the  evoluotioo 
of  the  proposed  similitude  require¬ 
ments. 

The  peak  circumferential 
strain  decreased  with  depth  of 
burin i  down  to  a  depth  to  diometer 
ratio  of  approximately  2  (Figures  4, 

5).  Beyond  *his  depth  to  diameter 
ratio,  the  strcins  appear  to  ap-  \ 
prooch  0  constont  value.  The  rea¬ 
son  for  the  near  surface  attenuation 
is  not  known.  Near  the  surface  of 
the  bin  it  is  expected  that  any 
energy  dissipation  caused  by  re- 
lotive  movement  behveen  sand 
groins,  or  between  the  sond  orKl 
the  boundaries,  will  be  most  pro¬ 
nounced.  This  may  be  the  cause 
of  the  attenuation  at  the  shallow 
deptlis  of  burial.  The  rise  times 
did  riot  show  any  significant  change 
with  depth.  In  most  of  the  tests, 
the  rise  times  increosed  with  the 
size  of  the  cylinder,  which  would 
be  expected  due  to  the  time  scale. 

To  evoluate  the  proposed 
similitude  requirements,  strains 
measured  on  three  cylinders  of 
different  sizes  were  compered.  A 
comparison  of  peak  strains  obtained 
from  the  three  cylinders  indicates 
that  there  is  reosorxjble  agreement.  Tobulated  values  of  peak  strain  for  the  tests  in  which  all  design  conditions  were 
satisfied  except  for  time  scaling  the  load  ore  given  in  Table  2.  If  it  is  ossumed  that  at  a  given  depth  to  diameter  ratio 
the  strains  from  the  three  cylinders  should  be  the  same,  then  on  estimate  of  the  variation  con  be  obtained  by  calculating 
the  percentage  deviatior  of  any  one  strain  from  the  average.  In  the  strains  measured  by  both  the  top  and  bottom  gauges, 
the  maximum  deviation  was  less  thon  19.5  percent  with  an  overage  deviation  of  9.0  percent.  Since  the  deviation  from 
the  overage  of  two  shots  under  similar  conditions  show  approximotely  the  some  percentoge  voriation,  the  differences 
between  the  peak  strains  can  be  attributed  to  experimental  errors.  More  points  will  be  required  to  define  the  peak  strain 
curves  more  accurately. 

Since  the  loading  condition  was  distorted,  the  complete  strain-time  curves  could  not  be  expected  to  be  compared 
directly.  However,  the  results  shown  in  Figures  8  and  '?  support  the  proposed  time  scoimg.  During  the  initial  impact  of 
the  pressure  wave,  the  cylinder  is  expected  to  respond  os  if  subjected  to  o  step  pressure  pulse.  The  tronsit  time,  or  time 
required  for  the  pulse  to  traverse  the  cylinder,  con  be  determined  by  dividing  the  diameter  of  the  cylinder  by  the  velocity 
of  the  wove  front.  For  exomple,  for  the  4-in.  cylinder,  the  transit  time  is  approximately  one-third  of  a  millisecond  based 
on  an  estimated  wave  speed  of  1000  fps.  During  this  short  time  required  for  the  wove  to  poss  across  the  cylinder,  the  in¬ 
tensity  of  the  surface  pressure  pulse  has  decreased  only  slightly;  therefore,  the  approximation  of  o  step  pressure  pulse  dur¬ 
ing  this  early  period  may  be  valid.  After  the  cylinder  is  engulfed  in  the  pressure  wave,  the  stroin  will  be  controlled 
primarily  by  the  decreose  in  the  intensity  of  pressure,  ond  during  this  phose  the  strains  would  be  expected  to  follow  the 
decaying  pressure  pulse.  Thus,  during  the  initial  response  to  the  approximate  step  pulse,  the  time  scale  most  be  used; 
since  the  surface  load,  now  considered  a  step  pulse,  is  properly  scaled.  However,  as  the  pvilse  begins  to  decay  signifi- 
contly,  the  strain  will  fallow  this  decay.  If  there  is  no  time  scoling  of  the  surface  pressure,  there  should  not  be  time 
scaling  on  the  response  curve  for  times  exceeding  the  rise  time.  Better  agreement  omong  the  various  curves  is  obtained 


Peak  surface  pressure  (psi) 

Fig.  7  Variation  in  Bottom  Peak  Stroins  with  Surfoce  Pressure 
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Fig.  9  Comparison  of  Strain>Time  Curves  for  I  in.  ond  4  in.  Oiometer  Cylinden 
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after  peak  strain  if  no  time  scaling  is  used  which  tendh  to  substantia  te  the  preceding  argument  (Figure  8,  9),  Also,  it 
oppeors  that  for  the  times  near  to  and  less  than  the  time  of  peak  strain  the  use  of  a  time  scale  would  improve  the  correla¬ 
tion  among  the  curves. 


TABLE  2  -  TABULATION  OF  PEAK  STRAINS 


Cylinder 

Diameter 

D 

(in.) 

d 

5 

°Peok 

Strain 

Co 

(/^in./in.) 

Av.  Peak 

Strain 

Co 

(h4n./in.) 

^  °  ^  -  X  100 
Co 

(%) 

Top  Gauge 

1 

0.5 

485 

406 

*19.5 

2 

0.5 

328 

-19.5 

1 

1 .0 

347 

-  6.5 

2 

1.0 

340 

371 

-  8.4 

4 

1.0 

424 

*15.9 

1 

2.0 

312 

-  8.8 

2 

2.0 

330 

342 

-  3.5 

4 

2.0 

382 

‘^11.7 

1 

4.0 

410 

363 

*13.0 

2 

4.0 

316 

-13.0 

Bottom  Gouge 

1 

0.5 

637 

619 

*  2.9 

2 

0.5 

602 

-  2.9 

1 

1 .0 

445 

-  6.9 

2 

1  .0 

500 

478 

*  4,6 

4 

1 .0 

491 

*  2.7 

I 

2.0 

454 

*  4.4 

2 

2.0 

366 

437 

-17.3 

4 

2.0 

490 

*12.7 

1 

4.0 

479 

444 

*  7.9 

2 

4.0 

412 

-  7.2 

^Average  of  two  shots 


SUMAAARY  AND  CONCLUSIONS 

In  this  paper,  dimensional  analysis  hos  been  used  to  derive  a  set  of  similarity  requirements  for  predictirsg  the 
behovioc  of  underground  structures  by  means  of  models.  The  onoiysis  indicates  thot  the  behovior  of  a  prototype  structure 
con  be  predicted  from  meosurements  token  on  o  model  structure  if  the  followirsg  conditions  ore  sotisfied. 

1.  The  mode!  and  prototype  ore  geometrically  similor. 

2.  The  some  combinotion  of  rrxsterials  is  used  in  both  model  end  prototype.  This  condition  refers  to  both 
the  soil  orsd  stnicture. 
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3.  The  surfoce  pressurei  are  of  the  some  magnitude  and  applied  ot  homologous  positions  and  times.  Since  the 
time  scole  is  equol  to  the  length  scale  the  pressure  voriotion  on  the  model  system  must  be  time  scoled. 

Two  major  assumptions  are  required  to  arrive  at  these  similarity  requirements .  These  ore: 

1 .  The  significant  properties  of  the  soil  are  adequately  described  by  its  density  and  one  or  more  odditionai  pro¬ 
perties  having  the  basic  dimensions  of  FL”^. 

2.  Grovitotiorwl  effects  ore  negligible. 

Although  the  similority  requirements  were  derived  from  the  prjrticular  system  used  in  the  test  progrom  the  some  general  require¬ 
ments  as  they  pertain  to  geometry,  moterial,  arsd  looding  ore  oppiicable  to  other  sysrems  witti  oitrerem  geornetne*  ond 
different  loading  environments. 

Results  of  a  series  of  experiments  specifically  designed  to  check  the  proposed  similority  requirements  support  the 
analysis.  Although  the  surface  pressures  used  to  load  the  structures  were  properly  scaled  with  respect  to  magnitude,  they 
were  not  scaled  with  respect  to  time.  However,  the  peak  strain  data  are  in  reosorKible  agreement  with  the  predicted  results. 

As  discussed  in  the  preceding  section  it  is  believed  that  the  complete  stroin-time  corves  olso  support  the  proposed  similarity 
requirements.  A  better  ursderstonding  of  the  properties  tha‘  govern  the  behavior  of  soils  under  dynamic  looding  conditions  is 
necessory  before  models  con  be  utilized  to  their  fullest  extent  The  authors  believe  that  the  feasibility  of  using  smoll  scale 
models  to  predict  the  behavior  of  underground  structures  under  intense  surfoce  loods  is  cleorly  demonstrated  by  the  results  of 
this  study . 


ACKNOWLEDGMENTS 

This  investigotion  was  done  under  Project  432-5  of  the  Iowa  Engineering  Experiment  Station,  lowo  Stote  University, 
Model  Studies  of  Ursderground  Structures.  The  project  was  supported  by  funds  from  the  United  Stotes  Air  Force  through  the 
Research  and  Technology  Division,  Air  Force  Weapons  Laboratory . 

All  the  shock  tube  tests  described  herein  were  performed  by  personnel  at  the  Air  Force  Shock  Tube  Focility, 
Albuquerque,  New  Mexico,  under  the  immediote  supervision  of  Dr.  Delon  Hompton.  The  ossistonce  of  these  persorsnel  is 
gratefully  ockrwwledged. 


295 


THE  APPLICATION  Of  SIMILITUDE  TO  PROTECTIVE  CONSTRUCTION  RESEARCH 

by 

Robert  K.  Tener* 


I  hove  often  been  impressed  by  the 
scanty  attention  paid  even  by  original 
workers  in  physics  to  the  greet  principle 
of  similitude. 

-  Lord  Royleigh,  1915 


INTRODUCTION 

Investigation  into  the  design  of  underground  protective  structures  has  comprised  a  major  effort  in  engineering 
research  for  more  than  ten  years.  During  this  period  extensive  knowledge  has  been  gained,  and  the  engineer  is  doubtless 
better  equipped  today  than  in  1954  to  prepare  with  some  meosure  of  confidence  o  design  for  a  practical  underground 
structure  capable  of  surviving  the  effects  of  o  given  nucleor  we<:^>on.  However,  it  would  be  inoccurote  to  consider  the 
state  of  the  art  of  blost-resistont  underground  structural  design  to  be  highly  refined.  Rather,  from  the  design  engineer's 
viewpoint,  two  basic  questions  os  yet  require  completely  odequote  answers:  1)  for  whot  voLes  of  input  load,  shock,  and 
displacement  should  a  specific  buried  structure  be  designed,  and  2)  by  what  meons  should  a  given  design  be  analyzed  to 
verify  itsodequocy. 

The  objective  of  protective  construction  research  is  to  equip  the  engineer  with  answers  to  these  questions.  Technical 
requirements  for  investigotions  must  be  based  on  the  goal  of  ultimotely  enabling  the  determination  of  input  effects  on 
buried  structures  arxl  providing  procedures  for  anolyzing  a  proposed  design.  In  order  to  analyze  a  structural  design,  the 
engineer  must  know  how  it  will  respond  to  the  blast  effects  from  o  given  design  weapon.  This  means  that  he  must  be  able 
to  predict  the  resporae  of  the  structure  to  the  pertinent  weapon  effects. 

The  complexities  of  the  phenomerM  involved  in  the  dynamic  response  of  an  underground  structure  ore  fomilior  to 
oil  who  have  opprooched  the  problem.  Research  into  the  nature  of  these  phenomena  is  being  pursued  by  various  theoretical 
and  experimental  approoches.  This  paper  proposes  that  cognizance  be  mode  of  a  specific  approach  which  offers  rather 
unique  odvantoges  ond  potential  promise  in  providing  eoriy  answers  to  the  problems  of  input  effects  and  structurol  response. 

It  is  submitted  that  application  of  the  theory  of  similitude  to  selected  studies  in  protective  construction  research  will 
potentially  leod  to  informotion  odequote  to  the  designer's  needs  ar>d  ot  a  considerable  savings  in  research  time  and  money. 

APPLICIABILITY  OF  SIMILITUDE 


Bockgrouisd 

- theory  of  similitude  encompoues  those  principles  which  govern  similarity  between  physical  systems. 

Similitude  hos  its  basis  in  dimensional  orvalysis,  orsd  the  central  premise  which  provides  for  the  application  of 
dimensioryil  orsolysis  is  the  Buckingham  Pi  theorem  ( i;,  which  may  be  Stated  as  follows: 

If  0  fuTKtiorsol  relationship  exists  between  n  variables  having  b  bosic  dimensions, 

F(x  j  (  *2,  ^ 

this  relationship  may  be  expressed  in  terms  of  s  independent,  dimensionless  products  of  these  variables,  called  Pi  terms: 

FiHi,  Vi 2»  njf.-.riji'O 

where  i  =  n  -  b. 

The  behovior  of  any  physical  system  which  is  chorocterized  completely  by  the  voriobles  xj  con  then  be 
represented  by  the  function  F  ,  which  moy  be  expressed  oltemotively  os: 


*dorps  Ingineers,  U.S.  Army  Engines^  Waterways  Experiment  Stotion,  Vicksburg,  Missiuippi. 
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n , -^(112,11 3.... rij)  (1) 

An  idanfical  relationship  exists  for  any  other  system  which  is  physically  similar.  One  such  system  may  be  terms  the 
model  system,  for  which: 


^Im  ^3m'*'*^sm^ 

in  which  the  subscript  m  derrotes  the  model  system.  If  in  equations  I  and  2  it  is  provided  that 
n  2m  "  ^3m  "  ^3'---  n  =  rij,  then,  since  the  form  of  the  fursetioo  fi  is  identical  in  the  two  physically 

similar  systems,  if  follows  that  Mj  =  n  j  . 

The  procedure  for  applying  the  principle  of  similitude  to  the  design  of  a  model  system  involves  four  steps. 

1 .  Determine  all  the  variables  which  influence  the  behovior  of  the  prototype  system.  This  is  the 
most  important  and  in  general  the  most  difficult  step  and  if  of  obvious  necessity. 

2.  Form  c  suitoble  set  of  Pi  terms  involvirtg  the  pertinent  variables. 

3.  By  equating  the  independent  Pi  terms  fl  3,  11  3, . . .  fl  j  if-  the  model  and  prototype  systems, 
establish  the  conditions  for  the  design  arvd  operation  of  the  mode' . 

4.  Once  the  design  conditions  ore  satisfied,  thi  prediction  equation  is  established  for  the  dependent 
Pi  terms,  0  j 

Generol  Applicotions 

Tisere  ore  two  primary  types  of  investigations  in  which  the  application  of  similitude  principles  can  provide 
meaningful  results.  The  first  and  most  widely  recognized  usefulness  is  in  establishing  design  and  operating  conditions  for 
a  model  system  of  a  specific  prototype.  Observations  of  the  model  behavior  are  used  to  predict  the  behavior  of  the  pro¬ 
totype  in  the  desired  respect,  without  resorting  to  detailed  study  of  the  form  of  the  functional  relationships  between  the 
pertinent  variables.  Examples  of  this  application  are  common  in  many  fields  of  engineering,  especially  hydraulics, 
structures,  and  oerodynamics. 

The  second  area  in  which  similitude  is  of  value  is  in  basic  phenomeno-iogical  investigations.  If  a  selected  set 
of  variables  is  assumed  to  determirse  the  behavior  of  a  system,  an  equation  such  as  equation  1  ca*)  be  formulated.  By 
designing  and  operating  several  experimental  system  of  different  sizes,  a  comparison  of  the  behavior  of  the  system  will 
indicate  whether  or  not  the  assumed  similitude  existed.  In  this  motter  rhe  sufficiency  of  the  assumed  set  of  variables  moy 
be  verified.  These  basic  verification  studies  ore  generally  intended  to  provide  on  understanding  of  the  behavior  of  a 
system.  Procedures  ore  ovailoole  (5)  for  utilizing  the  results  of  similitude  studies  to  determine  the  monner  in  which 
certoin  of  the  Pi  terrns  enter  the  functional  relationship  0  in  equation  I .  Examples  of  the  use  of  similitude  in  basic 
phertomenological  studies  are  ovoilable  in  the  literature  (21,31,32). 

Two  odditionol  odvontoges  of  considering  dimensionol  analysis  in  the  conduct  of  experiments  ore  noteworthy.  In 
ony  variation  of  parameters  study,  the  number  of  parameters  which  must  be  investigated  is  reduced  by  the  number  of  bosic 
dimensions  involved  if  the  pertir>ent  variables  are  formed  into  Pi  terms.  Additionolly,  the  collection  of  dota  con  be 
systematized,  the  presentation  of  results  simplified,  orrd  the  usefulneu  of  the  results  gonerolized  by  use  of  dimensionless 
groups  of  variobles.  Discussion  of  these  points  with  refererKe  to  soil  mechanics  research  wos  presented  by  Lundgren  (29), 
ond  with  refererKe  to  fluid  mechanics  by  Von  Driest  (4). 

The  list  of  generol  references  at  the  er>d  of  this  paper  constitutes  a  representative  collection  of  books  and  papers 
treating  similitude  orfo  dimensioryil  arrolysis  in  their  more  general  engir>eerir>g  applicotions. 

Advontoges  of  Similitude  Approoch 

iKe  objective  of  protective  construction  research  is  to  equip  the  engirreer  with  the  knowledge  required  for  the 
efficient  design  of  protective  structures.  Research  toward  this  objective,  to  a  greater  degree  than  ever  before,  is  sub¬ 
jected  to  the  constant  dictates  of  expeditiousneu  ar>d  economy.  The  use  of  similitude  as  o  research  tool  offers  distinct 
odvontoges  when  considered  in  the  tight  of  the  necessity  for  early  usoble  results  and  on  efficient  research  effort. 

It  oppeors  that  the  pressing  need  for  eorly  relioble  answers  to  the  design  errgineer's  questions  is  sometimes  lost 
sight  of  in  the  reseorch  establishment,  particularly  where  the  time  and  effort  required  by  basic  research  problems  may  lead 
to  a  lock  of  ottention  to  the  opplied  aspects.  There  should  be  an  unqualifed  understonding  that  useful  applied  reseorch 
results  are  in  great  immediote  demand,  if  the  protective  structure  design  informotion  presently  ot  horHl  hod  been  ovailoble 
ten  yeors  ogo,  it  would  not  hove  been  too  soon.  A  valid  requisite  for  on  investlgati'v«  approach  then  is  the  degree  to 
which  the  approoch  can  provide  early  odequote  results. 

In  many  protective  conpruction  research  problems,  the  oppheoriun  of  simimude  ofTwis  u  distinct  advantage  in  this 
aspect.  A  properly  conducted  mode!  study  can  usuolly  leod  to  on  adequate  pre  'icrion  of  specific  prototype  behavior  with 
less  effort  than  is  required  to  develop  an  odequote  analytical  prediction.  The  onalyticol  approoch  requires  thot  functional 
relationships  based  on  theory  and  experimentation  be  established,  which  will  enable  calculation  of  the  required  input  and 
response  parameters.  Development  of  these  functional  relationships  is  presently  dependent  upon  the  results  of  extersive 
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PROPOSED  PROTOTYPE 
DESIGN  SUBMITTED 
FOR  EVALUATION 


PREDICT 
PROTOTYPE 
RESPONSE 

ML 

DESIGN  VALIDATED! 
OR  MODIFICATION 
RECOMMENDED 


SIMILITUDE 
STUDY 


baiic  theoretical  and  experimentol 
research  yet  to  be  conducted  in 
mony  areas.  These  areas  include 
static  and  dynamic  soil  mechanics, 
dynamic  properties  of  structural 
materials,  shock  phenomena  in  real 
earth  media,  dynamic  soil-structure 
interaction,  ond  others.  The  re¬ 
quired  solutions  in  these  areas  are 
not  being  quicMy  reached.  Thus, 
the  value  of  analytical  approaches 
to  protective  construction  design 
problems  may  improve  progres¬ 
sively,  but  at  o  rate  dependent 
upon  costly,  time-consuming  basic 
research. 

However,  if  just  enough  is 
known  about  a  particular  problem 
to  enable  identification  and 
evaluation  of  the  specific  variables 
which  influence  the  phenomena, 
whether  it  be  free-field  effects, 
structural  response,  or  otherwise, 
the  problem  can  be  approached  by 
similitude.  Detailed  knowledge  of 
the  fuisctional  relationships  in¬ 
volved  is  not  essential  to  a  model 
study.  If  a  reliable  model  pro¬ 
cedure  can  be  established,  as  in 
general  it  can,  a  similitude  study 
will  provide  the  information  needed 
to  predict  input  effects  for  use  in 
design  and  structural  response  for 
use  in  arsalysis,  and  ir  efficient 
time  to  be  of  value  to  the  Jesigner. 

Figure  1  illustrates  sche¬ 
matically  how  a  similitude  study 
might  be  applied  in  the  analysis 
of  a  specific  proposed  protective 
structure  design.  The  details  of 
the  similitude  study  and  model 
tests  are  based  on  the  specific 
proposed  prototype  design,  and 

the  validity  of  the  prototype  design  is  evaluated  on  the  basis  of  predictions  from  the  model  tests.  This  concept  is  onologous 
to  applications  of  similitude  In  aircraft  design,  flood  control  studies,  design  of  complex  structures  such  os  dams  ond 
multistory  buildings,  and  numerous  other  fields. 

The  odvontoges  of  the  similitude  opprooch  to  protective  construction  reseorch  moy  be  summorijed  briefly.  In  the 
problems  involved,  which  are  characterized  by  highly  complex  furKtionol  relationships  not  yet  fully  understood,  on  urgent 
need  exists  for  design  information.  Similitude  studies  are  not  dependent  upon  anolytical  development  of  these  relation¬ 
ships,  ond  bear  promisa  toward  providing  adequate  information  to  the  designer  at  a  savings  in  time  and  cost.  Thus, 
potential  economy  of  research  effort  is  to  be  gained  when  a  similitude  treotment  of  o  problem  is  applicable. 


FINAL 
PROTOTYPE 


Fig.  I  Concept  of  Objective  for  Similitude  Studies  in  Protective  Cortstruction 


Additionol  Considerations 

There  must  l>e  communication  ond  interploy  omong  the  vorious  protective  construction  research  efforts.  Theoretical 
ofsd  experimental  advances  con  and  must  be  mutually  complementary.  A  certoin  level  of  understand! rsg  of  the  not  re  of 
the  phenomena  involved  is  essentlol  to  the  value  and  efficiency  of  a  similitude  study.  Bridgeman  advised,  The  man  applying 
dimensional  analysis  is  not  to  osk  himself  'On  what  quantities  does  the  result  depend?'  for  this  question  gets  nowhere, 
and  is  not  pertinent.  Insteod  we  ore  to  imagine  ourselves  os  wr  ting  out  the  equations  of  motion  at  least  in  sufficient  detail 
to  be  ob.e  to  enumerate  the  elements  which  enter  them.  It  is  not  n^esaory  to  actually  write  down  the  equations,  still  lets 
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to  wive  them"  (3), 

As  more  occurote  knowledge  u.  dynamic  »i  I -structure  interaction  is  developed,  the  ability  to  conduct  more 
efficient  and  reliable  model  studies  will  improve.  Likewise,  similitude  studies  provide  experimentol  evidence  and  promote 
theoreticol  understanding  of  the  behavior  of  physical  systems. 

One  point  of  a  conservative  noture  should  be  injected.  An  inherent  danger  exists  whenever  predictions  ore  mode 
based  on  scale  model  tests.  It  is  recognized  that  it  is  possible  to  operote  with  a  rnodel  design  thot  is  quite  incorrect,  yet 
blithely  predict  results  which  ore  considerably  in  error.  Thorough  verification  tests  are  importont,  as  is  correlotion  of 
observed  prototype  dota  whenever  aval  lobe. 


STATE  OF  THE  ART 


Work  to  Dote 

Historically,  the  use  of  the  models  and  scaling  in  protective  construction  dotes  bock  more  tfion  twenty  years. 
Extensive  work  wos  done  during  World  War  11  using  similitude  principles  to  study  penetrotion  and  explosion  of  bombs  and 
projectiles.  Results  of  this  work  are  reflected  in  an  eorly  Corps  of  Engineers  protective  design  monual  (1 1). 

The  argument  in  favor  of  similitude  studies  in  nuclear  weapons  effects  research  is  by  no  meons  new  or  profound. 
McCutchen  before  1949  proposed  such  studies,  arxl  he  wrote  on  article  with  the  purpose  "to  explain  enough  of  the  basic 
principles  of  similitude  between  a  model  arvd  an  original  to  enable  one  to  apply  these  principles  to  the  serious  problem  of 
the  effect  of  on  atomic  bomb  upon  on  underground  rock  fortress"  (27).  This  wos  16  years  ogo,  yet  even  todoy  new  research 
is  being  initiated  applying  the  similitude  approach  to  deep  underground  effects. 

An  early  study  of  model  blost  effects  in  rock  was  done  by  Jones  ond  McCutchen  in  I94fl  (26).  Their  poper 
formulated  a  model  theory  based  on  similitude,  and  they  investigoted  the  use  of  o  model  medium  whose  strength  wos 
reduced  from  that  of  the  prototype  sandstone  by  a  foctor  of  20,  the  length  scole  for  the  study.  The  limited  results  of  their 
test  demonstrated  the  feasibility  of  such  investigations. 

In  1946,  0  few  months  after  the  first  otomic  bomb  was  detonated,  the  Office  of  the  Chief  of  Engineers  initiated 
planning  of  the  Underground  Explosion  Tests.  These  tests  were  carried  out  between  1948  ond  1952  with  the  specific 
intent  of  establishing  the  similitude  relations  between  TNT  explosions  and  nuclear  blost  effects.  Dimensional  onolysis 
was  utilized  to  develop  scaling  relations  for  particle  displocements,  velocities,  and  occelerotions  ond  stresses  in  soil  and 
rock.  The  effects  of  chorge  weight  and  depth  of  buriol,  'onge,  ond  soil  type  were  studied,  ond  it  wos  concluded  thot  the 
test  results  tended  to  support  the  model  low  for  the  existing  soil  conditions  (28), 

Extensive  use  of  similitude  was  mode  in  studies  of  blost  effects  on  surfoce  structures  during  the  eor' .  1950't.  The 
scope  of  Current  protective  construction  research  tronscends  the  range  of  weapons  effects  with  which  surfoce  structure, 
are  associoted,  so  thot  extensive  research  in  this  oreo  is  essenfiolly  o  thing  of  the  p>osf.  An  excellent  treatment  of  the 
similitude  considerations  in  modeling  surface  structure  blost  effects  wos  presented  by  Jones  In  Conooo  (12). 

Considerable  interest  in  model  studies  of  dynomicoH^  looded  buried  structures  within  the  post  three  yeors  is  evident. 
Ahlers  of  Armour  Research  Foundotion  (now  Illinois  Institute  of  Technologv  Research  Institute)  reported  on  o  theoreticol 
modeling  onalyus  in  1961  ond  concluded  fhut  mi  exoti  inodel  cwuld  not  procticolly  be  buHt  (IJt.  An  onolyticol  similitude 
study  on  dynamically  looded  buried  cylinders  was  reported  by  Muirphy  and  Young  at  Iowa  State  in  1962,  and  their  report 
included  a  brief  lest  program  which  cleorly  demonstrated  the  feasibility  of  such  studies  (14), 

Arsother  paper  study  on  scaling  relations  for  dynamically  looded  buried  structures  was  published  in  1962  b> 

Arentz  (15).  This  study  analyzed  in  some  detail  o  number  of  the  scoling  problems  inherent  in  the  buried  structure  pn>blem 
or.d  discussed  at  length  certain  phenomertological  relations.  However,  no  use  of  similitude  Dosed  on  the  8ockinghom  PI 
theorem  wos  mode.  The  resultant  opprooch  does  not  readily  lend  itself  to  the  procticol  design  of>d  performorsee  of  model 
tesrs,  ond  is  or  example  of  the  foct  that  overottentive  consideration'  of  basic  problems  con  sometimes  mosk  o  procticol 
opprooch  to  on  investigotion . 

A  model  onolysis  of  o  buried  orch  wos  reported  by  th*  S.  Nuvol  Civil  Engineering  Loborotory  in  196-1  1,19). 
Comporison  wos  mode  between  four  deflections  observed  in  o  t^ll-scole  f  ?ltJ  test  structure  or»d  Koled-up  defle-ctions  from 
one  loborotory  test  on  o  smoll  arch.  Although  the  compared  values  were  of  the  tome  orset  of  magnitude,  o  number  ot 
highly  questionable  oisumpfions  were  required,  oryd  no  firm  coisdusions  regordlng  the  validity  of  the  modeling  procedure 
were  offered. 

The  most  significont  similitude  stud.,  to  dote  on  b.ried  structure  response  wos  conducted  ot  the  Air  Fotce  Weapons 
Loboutory  and  reported  by  Murphy,  Young  ond  Mortin  u  iy.  extensive  test  progrom  wos  concKfCted  on  oluminum 
cylinders  with  diometers  of  I,  2,  4,  one  8  inches  ond  depths  ot  Ouriol  in  ory  lono  of  up  to  fen  diameters.  The  test  results 
clearly  demo'^strafed,  within  the  ronge  of  pc^umefevi  f.e$«igofed,  tN*  feoslbilit,  of  predicting  the  behovior  of  buried 
structures  by  the  use  of  nxideh.  Three  areas  ^or  turtf>er  invest Igotior  ..ere  proposed:  I|  ir>creosed  length  Koles,  on  the 
order  of  10  or  greater,  2)  sfroin-rote  effects  on  cohesive  soil  oehovior,  ond  3)  o  more  specific  means  of  determining 
pertinent  soil  properties.  It  is  felt  that  the  opprooc*’  to  protective  construction  research  demonstrated  in  this  study  beors 
greet  promise. 
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Model  buried  ttrucNres  hove  been  t«$t«d  in  Kill*iCQie  field  tests  (20^  et«ol«)*  A  recent  report  on  a  dynomic  model 
study  of  one  of  the  buildings  in  the  NORAO  underground  installation  is  a  good  example  of  the  proctical  usefulness  of  model 
studies  (22).  Valuable  information  and  lists  of  references  concerning  general  considerations  of  dynamic  structural  modeling 
ore  ovoiloble  (13, 16,17, 18). 

At  excellent  presentation  of  the  opplicability  of  similitude  to  several  dynamic  problems  was  given  by  Abromson  and 
Nevill  (23).  Model  studies  ore  deKribed  for  such  problems  us  response  of  structures  to  vibratory  and  impulsive  loads. 
Cumulative  penetration  of  foundations  due  to  repeated  dyiximic  loads,  soil -structure  interoctic  1,  and  mobility  of  off-the- 
rood  vehicles.  The  special  odvontoges  ond  scaling  considerations  in  similitude  studies  in  these  areas  ore  clearly  and 
thoroughly  described  in  this  paper.  An  especially  good  evaluation  of  the  problems  of  modeling  in  soil  dynamics  is  presented. 

An  interesting  application  of  similitude  to  a  problem  somewhat  reloted  to  soil-structure  interoction  was  reportird  at 
Sarsdia  Corporotion  in  March  1964  (33).  In  that  study  dimensional  analysis  was  c^iied  in  considering  the  impact  and 
penetrotion  of  a  high-speed  projectile  into  earth  media,  including  water  ond  various  soils. 

Current  Stotm 

To  date,  the  gerserol  goals  of  similitude  studies  in  protective  construction  research  have  been  to  formulate  ond  verify 
a  model  theory  for  structures  buried  in  toil  subjected  to  dynamic  oir-overpretsure  ond  to  provioe  scaling  relatic's  for  free- 
field  weapons  effects.  The  thooreticol  similitude  relations  ore  well  established  for  the  design  of  mode!  structures  loading 
conditions.  The  primary  area  in  which  further  information  is  needed  to  support  structural  response  modeling  and  free-tieid 
effects  scaling  concerns  the  properties  of  ^he  soil  or  rock  medium  which  must  be  considerr  :^. 

The  feasibility  of  eitoblisliing  similitude  within  loborotory-s!  zed  soil -structure  ty  n^ms  tor  o  derise  dry  sand  soil 
medium  has  been  demonstrated  (21).  The  dynamic  response  of  surfoce  cn  o  Klphl  ,  plasi.c  cor.ipacted  cloy  hoi  tj^'er 

succeufully  Koled  (32).  Other  tnon  these  studies  there  is  no  publishMJ  experimentol  <jviJenc«  of  sixusttfui  scaling  of 
dynomic  soil -structure  interoction  between  similar  systems  of  differtnr  sizes.  Two  of  thi-;  primery  recognized  difficultiin 
ore  first,  identifying  and  evaluating  the  properties  of  the  soil  medium  wnicH  influiitce  th«  behovior  under  stxly,  ond 
second,  providirsg  the  proper  scaling  of  these  properties  between  f.-to  type  a.xi  model . 

The  necessity  for  defining  analytically  the  physicol  prope  ties  of  the  medium  follows  fne  advice  attributed  to 
Lord  Kelvin  (9):  "When  you  car  meosute  whot  you  are  speaking  obout,  ond  expreu  it  in  numte  s,  you  know  something 
about  it;  but  when  you  cannot  express  it  in  numbers,  your  knvsiviecige  is  of  a  meogre  end  .s^iiotiifoctory  kind." 

Progress  is  being  mode  in  this  area.  Soil  mechonics  ;eseorch  is  constontly  deveio-ping  new  meoni  of  quontifotively 
•dentifying  the  dynomic  stress-stroin  relotions  for  vorlous  'oilt  and  stwtes  of  confinement,  Dynomic  trioxiol  and  dynamic 
one-dimensionol  compression  testing  devices  now  being  developed  «ill  provids*  future  >r<cirmation  which  will  enoble  o 
better  understanding  of  the  significonce  of  these  itress“?tT*!in  curves  in  jotl-structure  interoction. 

The  specific  properties  of  o  medium  which  r.fluenc*  the  ott*»’.uation  of  peok  pressure  os  a  shock  wove  propogotes 
through  it  must  be  quantitatively  identified.  Stroin-i?re»s  t'»ecf.%  no  soil  strength  must  be  thoroughly  evaluated.  D  nomic- 
similitude  studies  moy  encounter  less  difficulty  regordir.^  rnii  jotter  effect  than  hos  been  oniicipoted,  however.  As  torvg  os 
iooding  times  ore  of  a  mognitude  considered  dynomic,  it  is  poeibie  that  little  voriotton  in  soil  strength  with  •troin  rote  will 
be  observed  for  real  soils,  either  granular  or  cohesive.**  This  meant  thot  even  if  Iooding  time  it  scaled  be’>4jji>n  two 
dynamically  loaded  soils,  strain-rote  effect  on  toil  strength  be  negligible. 

Similitude  stvxjics  in  rocs  etsd  roekllke  medio  hove  been  condv^efed^  T?ui  is  on  oreo  where  very  greot  benefit 
could  be  derived  bom  model  studies.  In  these  meterials,  too,  -u  thorough  vnowle-ige  of  medium  properties  is  required. 
Martin  and  Murphy  corsetuded,  "Prediction  of  fracture  ccused  by  impoett  or^d  explosions  requires  more  research  into  the 
Itroin-time  corsditions  that  couss  frocture  in  various  britrle  mstefiaU’'  (31).  Preierd  research  is  taking  o  hard  loo*,  at 
properties  and  equations  of  stote  for  brittle  eorth  mpteriots,  and  results  of  this  research  ore  essential  to  ledgeoble 
model  studies  of  rock  phenomorto. 

The  current  ttohn  of  similitude  studies  in  dynomic  soil -structure  inferacticn  includes  limited  iheoretieoi  con¬ 
sideration  and  o  complete  lock  of  volid  experi-wentol  intermotion  regarding  scoling  of  in«!ostic  behovior  and  uiiimote 
teilure  of  o  buried  structure.  Torsgible  rasuits  te  dote  ore  limited  to  elastic  structural  behavior.  Sint.e  eccncmicat 
protective  congtiuction  will  moke  use  of  plastic  twponw  ond  ultimate  strength  behovior,  this  is  obviovs'y  on  area  which 
must  receive  attention. 

An  oreo  of  current  consideration  It  thot  of  time  scoling.  Dynomic  similitude,  when  the  model  u.d  protorype 
moteriols  are  the  tome,  requiret  that  time  should  Koie  os  the  lengttt  icote.  At  present  there  ore  no  practical  dynomic 
Iooding  facilities  ovoiloble  ter  buried  stn<ture  tests  in  which  time  pororseters  con  be  widely  voried  ond  dosel,  con¬ 
trolled.  For  the  present,  distortion  of  th«  design  con<s>tiara  on  model  ti««  must  be  hondled  onolyticoiK  until  capoteiii'ies 
exist  for  this  effect  erperimentolly. 

To  dote,  there  has  been  but  limited  experim*f.?oi  correlotion  between  the  behovior  of  o  full-Kole  prototype 
buried  structure  obeern ed  in  a  field  test  w.th  the  behovior  predicted  by  o  laboratory -sco It  model  test.  To  successfully 
establish  this  correlotion  for  rwolistic  earth  mater iois  stould  be  on  early  mofor  reseor. '  ooo!. 

**A.  J.  Hendron,  VTcldburg,  Misissippi,  Pri  vote  Comnvni  cotton,  1964. 
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FUTURE  REQUIREMENTS  AND  PROSPECTS 

From  fhe  jtafe  cf  fhe  ort  presenfotion  and  from  a  consideration  of  the  designer's  needs,  a  number  of  areas  moy  be 
identified  in  which  future  similituoe  studies  are  required  in  order  that  any  prototype  underground  installotion  in  general 
might  be  modeled.  These  ore  presented  in  outline  form. 

1.  In  laboratory  verification  studies,  establish  capabilities  for 

o,  predicting  inelastic  structurol  response  and  ultimate  strength. 

b.  conducting  studies  for  different  prototype  soils  with  properties  vorying  over  the  rortge  of  all  procticol  media. 

c.  predictiisg  response  of  various  prototype  structural  materials  and  geometries. 

d.  operating  with  length  scales  in  excess  of  10. 

2.  Establish  correlotion  between  laboratory  and  full-seal  •  conditions  by 

a.  predicting  behavior  of  prototypes  already  observed  i  field  tests. 

b.  conducting  coordinated  loboratory  and  field  tests  practical  structures. 

3.  in  odditior,  for  deep  installations  in  roch 

a.  formulate  model  theory  ond  conduct  pilot  tests. 

b.  develop  new  loborotory  testing  concepts. 

c.  establish  capability  for  operating  with  length  scales  on  the  order  of  100  or  greater. 

As  new  nuclear  weapons  technology  and  capabilities  ore  developed,  the  protective  design  con  epts  for  defense 
mus  odopt.  Protective  constructior  research  requirements  should  be  based  not  upon  tfie  ottack  copobilities  of  todoy,  but 
on  the  weopons  effects  ogoinst  the  future  design  will  be  pitted.  The  hordenerl  instollotions  to  be  constructed  ten  yeors 
hence  should  be  based  on  rationai,  efficir”*  design  procedures  oiready  developed  by  then.  The  precept  "plon  oheod" 
could  hardly  be  more  applicable. 

It  must  be  decided  in  the  research  establishment,  based  upon  the  best  ovoilobie  evidence  whether  specific  current 
■nvesfigotions  are  likel  y  to  bear  fruit  in  time  to  be  of  use.  If  not,  an  approach  toward  protective  design  problems  must 
be  found  which  will  enable  odequate  solutions  before  the  design  concept  being  studied  becomes  obsolete.  In  view  of  the 
prospective  weapors  yields  and  otfock  concepts  of  the  future,  on  acceptable  level  of  hordenii^g  for  prime  forgets  will 
obviously  necesiifnte  uery  deep  underground  installations  in  rock.  Design  of  such  structuies  could  be  greotly  focilitoted 
by  the  rs:...its  of  well-foundeo  similitude  studies.  It  is  hoped  and  expected  that  the  mornfoid  problems  coupled  with  such 
inveitigof ions  can  oe  overcome,  ond  tnot  these  studies  will  be  successfully  carried  out.  The  future  rote  of  prcjress  in 
this  field  must  tse  gieotly  accelerated  over  thot  of  the  16  yeo's  since  Colonel  McCutchen  proposed  such  reseorch, 

SUMMARY 


If  is  propose  1  that  similijmje  studies  are  the  por-oeea  for  ev«-y  protective  construction  research  probiem.  It  is 
proposed  that  considcrciole  acj.a;  .ago  is  to  be  j-.sined  f?y  odaptmg  the  model  cipprooch  whenever  feasible,  espectall,  i" 
view  of  the  pcrtic,^4w  vCjmpie.xifles  inheren'  in  the  pTOolems  of  be^iovior  of  protective  str\A:fufes, 

Ihe  reliable  design  is  that  bosed  o*i  credible  exp«rimen»oi  evidence.  The  application  of  similitude  to 
ptoreefive  construction  research  efters  u  potentiol  meoni  of  pro-  iai-ng  this  evidence  ot  a  constderobie  soviog  of  research 
time  and  effort.  This  prospective  saving  is  «n  esient;;)!  ,.n'aidero»to'i  jue  to  ftw  particular  demondi  for  urgenv,  ond 
economy  inherent  to  the  field. 
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A  SIMPLIFIED  SOIL  STRUCTURE  INTERACTION  MODEL  TO 
'NVESTIGATE  THE  RESPONSE  OF  BURIED  SILOS  AND  CYLINDERS 

by 

C.  J.  Costantino*,  R.  R.  Robimon**,  M.  A.  Salmon*** 


ABSTRACT 

This  poper  presents  o  summary  of  on  approximate  soil  structure  interaction  model  applicable  to  the  problem  of 
buried  flexible  circular  tunnels  and  silos,  subjected  to  air  blast  ir'duced  ground  shock.  Comparisons  of  the  theory  with 
some  experimental  results  are  presented.  More  complete  experimentoi  results  hove  recently  been  obtained  ond  ore  currently 
■  n  the  proc.-*ss  of  being  ortolyzed.  Application  of  the  theory  to  severol  problems  of  interest  is  mode,  and  particuior  design 
information  evolved  from  the  ortolysis  is  indicated. 


INTRODUCTION 

In  the  design  of  protective  underground  structures,  desigrters  ore  foced  with  an  apparently  overwheiming  task. 

From  a  rather  vague  description  of  the  threot  against  which  they  most  protect,  designers  must  evolve  designs  of  such 
structures  having  very  few  tools  of  orsolysis  at  their  disposal,  the  most  important  of  these  tools  (ond  one  which  cannot  be 
underestimated)  being  engineering  judgement.  The  current  state  of  offoirs  is  similor  to  that  which  existed  prior  to  the 
evolution  of  elementary  beam  theory. 

The  rnojor  difference  between  the  two  time  periods  is  that  in  dealing  with  conventional  strictures 
0.  the  engineer  hod  o  moss  of  experience  to  fall  bock  on,  and 
b.  his  design,  once  built,  co^jld  immediately  be  put  to  the  test. 

Clearly,  both  of  these  factors  ore  missing  from  the  current  state  of  the  ort  of  protective  design.  Although,  through  both 
experiment  and  onolysis,  odvances  ore  slowly  being  mode,  the  designer  is  faced  with  a  problem  which  must  be  overcome 
now  and  which  involves  huge  expenditures  of  money.  Most  significantly,  also,  a  high  degree  of  confidence  must  be 
assigned  to  the  design  to  ensure  that  the  structure  will  adequately  perform  its  most  important  function. 

In  this  report,  we  would  like  to  describe  on  nrtolysis  which  hos  been  used  to  investigate  the  resporwe  of  circular 
flexible  tunnels  and  silos,  subjected  to  nuclear  induced  ground  shock  waves.  Although  the  opprooch  is  clearly  approximate, 
it  is  felt  that,  from  o  design  point  of  view,  it  suitably  describes  the  phenomena  involved,  ond  con  be  o  useful  design  tool 
to  predict  the  gross  response  of  such  structures.  Comparisons  of  the  orxji/sis  with  some  experimental  results  ore  also  pre¬ 
sented. 


GENERAL  FC»RM  OF  DESIGN  INPUTS 

The  inputs  usuolly  given  the  designer  to  describe  the  environment  con  be  summer'  jd  os  follows.  A  weopon  size 
and  ground  range  (or  overpressure  level)  ore  specified  against  which  the  structure  must  survive.  Assocloted  with  this 
environment  is  a  design  shock  spectra  which  purports  to  describe  the  severity  of  the  ground  shock  to  which  the  structure 
will  be  subjected.  Figure  I  is  a  typical  example  of  such  on  input  spectre.  In  general,  depth  effects  ore  token  into  account 
by  suitably  reducing  the  high  frequency  portion  of  the  spectra  with  depth. 

it  is  well  known  that  the  shock  spectra  formulation  of  the  input  dote  is  incomplete  ond  is  not  a  unique  characteri¬ 
zation  of  the  free-field  shoe!;  displacement-time  history.  In  addition,  the  voriotion  of  the  spectre  with  depth  is  based  upon 
relatively  meoger  experimental  data  and  includes  o  significant  amount  of  engineering  judgement,  or  "feel"  for  the  problem. 

The  other  conditions  spi  •  ified  for  the  designer  include  informot'or  on  site  conditions  (soil  properties,  water 
levels,  etc)  os  well  os  thermal  and  nuclear  radiation  levels  to  be  expected  ot  the  surface.  In  this  paper  we  will  neglect 
the  radiation  aspect  os  we  ore  primarily  concerned  with  the  structural  response  problem. 

From  this  information,  the  designer  is  expected  to  evolve  o  structurol  design  which  will,  in  general,  satisfy  two 
primary  requirements,  namely, 

0.  The  structure  will  remain  intact  both  during  and  offer  the  opplication  of  the  free-field  ground  shock; 
b.  the  motions  fronsmi  ted  to  sensitive  equipments  ond  personnel  housed  within  the  prinsory  structure  will  remain 
within  tolerable  levels. 

Satisfaction  of  these  two  criteria  of  design  will  ensure  that  the  structure  will  perform  its  intended  function  before,  during 
and  after  the  attack.  Other  conditions  which  must  be  considered  in  the  design  include  the  number  of  attacks  which  the 
structure  must  withstood,  time  after  the  ottock  when  the  structure  must  be  operationol,  etc.;  and  again,  although 
*fte£earch  Engineer,  IIT  Research  Institute,  Chicago,  lllirvjis 
**Research  Engineer,  IIT  Research  Institute.  Chicago,  Illinois 
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Cifcul«r  Frcquancy,  co  (rad.  /aec.) 


importont,  these  will  not  be  discussed  herein. 


ANALYTIC  INVESTIGATIGATION  OF  SILO  AND  TUNNEL  LININGS 

It  is  clear  that  a  rigorous  treatment  of  a  cylindrical  shell  of  finite  length  embedded  in  o  semi-infinite  continuous 
soil  medium  presents  considerable  o.nolytic  difficulties  ond  requires  o  mojor  research  effort  extending  over  o  long  span  of 
time  to  provide  the  design  information  ultimately  desired.  We  ore  currently  in  the  eorly  stoges  of  such  o  development, 
what  with  the  various  elostic,  (1,2)  elastic-plastic  (3)  or  finite  difference  (4)  solutioro  obtained  for  particular  aspects  of 
the  problem.  Some  of  the  prime  difficulti«  encountered  in  such  an  onolysis  are  the  existing  lock  of  detoiled  knowledge 
of  the  free-field  environment,  os  well  os  the  uncertantics  involved  in  determining  the  response  of  soil  to  load,  both 
static  and  dynomic. 

Oespi/e  this  shortcoming,  it  is  possible  to  identify  factors  which  principally  affect  silo  and  tunnel  lining  respome. 
Consider  the  deformation  imposed  on  a  vertically  oriented  cylindricol  column  of  soil  in  the  free-field,  sufficiently  for 
removed  from  neor  ground  zero  effects.  The  principal  deformotions  of  the  soil  column  (Figure  2)  are: 

a.  shortening  of  the  cylinder  diameter  in  the  direction  of  the  blost-induced  wove 

b.  horizontal  displocement  of  the  circular  cross  sectiorss 

c.  vertical  strain. 

If  the  soil  cylinder  is  replaced  by  a  structural  lining,  the  initially  circulor  cross  section  is  deformed  (flattened), 
producing  hoop  bersding  and  direct  stresses.  The  voriurion  of  horizontal  displacement  with  depth  causes  longitudinol 
bertding  and  shear  stresses  in  the  lining,  while  the  vertical  soil  strain  develops  longitudinol  skin  friction  at  the  lining 
surface . 

Corresponding  effects  are  present  in  the  case  of  horizontal  cylinders  (tunnels).  That  is,  the  displacements  of 
the  soil  tersd  to  flatten  originally  circular  cross  sections,  produce  longitudinal  bending  stress,  and  generate  compressive 
axial  forces  in  the  lining.  The  lost  two  effects  ore  judged  to  be  much  less  significant  for  tunnels  than  for  silo  linirsgs  sirKe 
they  can  be  reduced  or  eliminoted  by  the  use  of  exponsion  joints.  The  quontitative  determination  of  the  response  of  silo 
and  tunnel  linings  to  these  effects  has  been  the  primary  objective  of  post  and  current  studies  (5,6).  In  the  following 
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Elevition  Elevation 


Fig.  2  Free  Field  Oefonnationi  Of  A  Vertical  Soil  Column 

diicuMion,  we  will  neglect  the  influence  of  longitudinal  ikin  friction  effect*  ond  consider  only  the  response  of  the  iheii 
to  radial  loadir>gs. 

The  loading  on  the  structure  is  oHumed  ta  consist  of  the  following  rodiol  components; 
o.  the  free-field  stress, 

b.  a  stress  depersdent  on  the  displacement  of  the  liner  relative  to  the  free-field  rodiol  displacement, 

c.  o  stress  deperKient  on  the  velocity  of  the  liner  relotive  to  the  free-field  rodiol  velocity. 

Thu*  the  radio!  stress  at  o  point  on  the  cylindricol  surface  of  the  shell  is  written  os  (Figure  3): 

e=e+k(w-w)  +  s(w-w)  rh 

r  o  '  o  '  o  ' 

where 

=  rodiol  stress  applied  to  cyljrsder 
9  -  free-field  rodiol  stress 

w  =  rodiol  displacement  of  cylirtder 

w  =  rodiol  velocity  of  cylinder 
w^  =  free-field  rodiol  displacement 

w  =  free-field  radial  velocity 

The  proportionoiity  foctor*  k  and  s  (fowsdotion  modulus  ond  domping  coefficient)  will  be  discussed  in  o  following  section. 

Considerirtg  the  free-field  stress  and  displacement  corsditione  (Figure  3),  the  variation  of  the  compreteive  stress 
in  the  x-direction,  ,  con  be  written  os 

fj  (x-ct)  for  (*-ct)  <  0 

<r  = 

X 

0  for  (x-cf)  >0  (2) 
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where  f,(x-ct)  is  a  specified  free-field  stress  furKfioo  which  depicts  the  ocTyot  powirtg  strew  wove.  The  compressive 
stress  in  the  v  direction  cr  ,  is  ossumed  to  be  equol  to  3^  for  oil  volues  of  x  in  the  free-field,  that  is,  it  is  assumed 

'  V  X 

that 

o.  the  "bioxiolity"  ratio,  0  ,  remains  constant  for  oil  stress  conditions,  and 
b.  the  soil  is  alwo/s  in  a  stote  of  plane  stroin. 

The  free-field  strain  in  the  x-direction,  «  ,  is  some  function  of  the  opplied  stress,  <7  ,  obtoined  from 

X  ^ 

experiment,  or 


f,  (  0-  ,  cr 

2  X  X 


max 


The  displacement,  in  the  positive  x-direction,  of  o  particle  originally  at  the  point  x  is  given  by 


(3) 
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I, 


(x-ct)  <0 


(x-ct)  <0 


Since  €  "0,  tfie  free-field  radial  displacement  is  simply  the  radial  component  of  the  displacement  u. 


while  the  free  field  rodial  velocity  is 


w  =  u  cos  0 
0 


The  radial  stress  component,  o'  ,  that  would  act  on  the  cylinder  were  it  to  move  with  the  free  field  is 

o  . 


<T  _  ^x 


(  I  4  p)  +  (  I  -/3)  cos  2© 


EQUATIONS  OF  MOTION  O''  RING 


Once  the  applied  load  on  the  cylinder  is  known,  the  response  problem  follc^vs  in  a  straight  forward  monner. 
We  will  briefly  outline  the  procedure  if  we  are  considering  plane  elastic  deformation  in  the  plane  of  the  ling.  The 
radial  and  tangential  shell  displocemerts  can  be  written  in  modal  form  as 

OB 

w  =  /  ,  0  cosnO 

f'  '  •  »  ' 

V  =  /  ,  —  a  sin  n© 

n  n 


where  inextervsionol  bending  behavior  of  the  shell  hos  been  assumed.  The  term  a  represents  a  pure  radial  or  breathing 
mode,  the  term  Oj  a  rigid  body  displacement,  while  the  terms  o  (n  5  2)  the  bending  modes. 

Writing  the  applied  pressures  in  the  form 


p  cos  n  © 
n 


n=0 

the  modal  equations  of  motion  for  the  ring  can  be  written  os  (7) 

m  d  4b  a  =  cp  (n  =  0,  I,....) 
n  n  n  n  n'^n  ,  » 

L 

where  m  =m|  =  m,m=m  |  ■  n—  ] 

I  o 


b  =  0 


,  Eh'^  ,  2  ,,2 

b  =  - .  (n  -  I) 

"  I2a^ 

c,  =  1/2,  c^  -=  I  (n  /  I) 

m  =  the  shell  mass 

h  =  the  shell  thickness 

?  =  the  shell  modulus  In  plane  strain 


If  it  is  desired  to  include  the  effect  of  hoop  stress  on  the  bending  displocements,  these  coefficients  may  be  modified 


(n^-l)^  -  p  (n^-l)  (n  5  2) 
o 


J2  a  ^ 

In  any  case,  this  serves  to  point  out  that  the  resportse  solution  con  be  rather  eosily  obtoined,  either  arwiytically  or 
rtumerically,  once  the  parameters  k  and  s  of  Equotion  I  are  specified. 
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SELECTION  OF  PARAMETERS 

It  is  shown  in  Reference  8,  that,  in  the  anolysis  of  the  response  of  a  cylindrical  shell  submerpstd  in  an  incom¬ 
pressible  fluid,  the  interoction  between  the  fluid  ond  the  shell  can  be  completely  accounted  for  by  me  addition  of  a 
virtual  moss  to  the  octuo!  shell  moss.  This  virtual  moss  is  given  by 


where  P  is  the  medium  density,  a  the  shell  radius,  ond  n  the  displacement  mode  number.  It  would  thus  seem  appropriate 
to  use  some  froction  of  this  virtual  mass  for  on  undergrouisd  structure. 

There  is  no  experimej  jI  data  on  which  to  base  the  selection  of  the  value  of  s,  the  parameter  relating  changes  in 
load  to  relative  velocity.  The  choice  of  s  determines  the  mognitude  of  the  jump  in  pressure  at  the  head-on  point 
(0  =  0°)  at  t  =  0.  There  Is,  as  yet,  no  specific  evidence  that  such  reflection  effects  exist  in  soil.  However,  for  on  elastic 
medium,  the  reflected  pressure  would  be  twice  the  incident  pressure  for  the  case  of  rwmal  incidence  of  a  compression,  wave. 
To  obtain  this  result  from  this  analysis,  a  value  of  $  =  pc  (13) 

would  be  required,  where  c  is  the  velocity  of  the  wave  front. 

The  last  parameter  which  must  be  assigned  is  the  foundotlon  modulus  k.  Static  load  tests  on  culverts  ranging 
from  30  to  84  inches  (9)  In  diameter  indicate  that  the  foundation  modulus  is  a  function  of  the  cylinder  radius,  a.  Values 
of  the  quantity  ka  seem  to  be  constant  for  a  given  soil  condition.  Volues  of  ka  ^  200  psi  are  cited  for  various  types  of 
soil  bockfill.  Values  of  the  compression  moduli  and  density  of  the  fill  material  ore  not  given  so  that  it  is  difficult  to  re¬ 
late  the  observed  values  of  ko  to  other  soil  properties. 

Wotkins  (10)  obtained  values  of  ka  ronging  from  about  2300  to  3700  psi  for  various  mixtures  of  silt  and  clay. 

These  results  were  obtained  from  tests  on  3-7/8  inch  diameter  cylinders.  Irtcreasing  volues  of  ka  were  observed  with  in¬ 
creasing  density  of  the  soil,  so  that,  os  would  be  expected,  ka  increases  with  increasing  values  of  the  soil  compression 
modulus. 

The  plone  strain  solution  for  the  displacements  produced  by  the  application  of  a  radial  pressure  varying  os 
cos  n  9  to  the  boundary  of  a  hole  in  an  infinite  elastic  medium  (II)  leads  to 

||  i  E  for  n  =  0 

ko  =r  V  ^  ^  for  n  -  I  (14) 


(n^  -  I) 


for  n  =  2 


where  E  is  the  elastic  modulus  in  confined  compression  of  the  med’um  and  is  Poisson's  Ratio.  Thus,  for  an  elastic 
medium %)e  foundation  modulus  increases  with  increasing  mode  number  (for  n  ^2)  and  Is  directly  proportional  to  the 
modulus  in  confined  compression.  The  solution  for  n  =  I  (rigid  body  displocement)  yields  a  foundotion  modulus  equal  to 
zero.  That  is,  there  is  no  resistance  to  the  displacement  of  o  hole  os  o  rigid  body  in  on  infinite  elostic  medium.  This 
effect  can  be  rather  easily  included  in  the  stress  determinotion  of  Equation  I  by  using  the  relotion 

<T  -  ^  ♦k  ^w  -  w-W|  cos  ♦•s 

where  W,  is  the  first  mode  comporsent  of  the  relative  displacement  (w  -  w)  or 

'  ,  /-n 


W ^  I  (w  -  w)  cca  ©  d  ®  (Id) 

'  n  Jq  o  ,  .  . 

It  Is  clear  that  the  utility  ot  the  proposed  method  for  the  orsolysis  of  the  response  of  silo  and  tursnel  linirtgi  to 
blast- irsduced  loadirsgs  can  be  best  established  only  by  demonstrating  agreement  between  predictions  of  the  anolysis  and 
experimental  results.  At  this  time,  we  are  just  beginning  to  evolve  opplicoble  experimental  results,  some  of  these  being 
os  follows. 


Stress-Stroin  Behavior  of  San<k 

Since  the  foundation  modulus  is  dependent  upon  the  confined  mocktlus  of  the  soil,  some  static  one-dlmentiortal 
consolidotion  tests  hove  been  performed  on  a  Standard  Ottawa  sand  (sirKe  this  sartd  was  used  in  buried  cylinder  tests) 
to  determine  its  stress-strain  behavior.  The  tests  were  performed  ot  o  high  density  (80  to  90  percent  relative  density) 
ortd  a  loose  density  (10  percent  relative  density)  with  preuures  up  to  300  psi.  Both  loodlrtg  ond  unloading  cycles  were 
included.  The  test  results  indicated  that  the  stress-strain  behavior  could  be  opproximoted  by 
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Unloading: 
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strain,  am 
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ax 


U  max 

is  the  r*aximum  previous*  stress  to  which  the  sample  was  looded,  c 


max 


is  the  corresponding  maximum 


ments  for  both  the*'^*”  loose  and  dense  condition  ore  given  in  Table  I. 


is  the  residua!  stroin  remaining  in  the  sample  upon  loading.  The  parameters  found  from  the  experi- 


TABLE  1 

SOIL  PARAMETERS 

Parameters 

Loose 

Dense 

Aj^,  psi 

2.08  X  10^ 

3.18  X  10' 

®L 

1.751 

1.704 

B 

2.038 

2.694 

u 

C 

.503 

.227 

u 


Thus,  os  would  be  expected,  the  confined  modulus  (artd  the  foundation  modulus)  of  the  soil  is  strortgly  dependent  upon 
both  the  stress  level  to  which  the  soil  is  subjected  as  well  as  its  looding  history.  Preliminory  results  on  similar  dynamic 
tests  (12)  indicate  negligible  dynamic  effects,  at  least  for  stress  levels  below  500  psi. 


Static  Buried  Cylinder  Tests 

The  results  o(  a  series  of  buried  culvert  tests  in  a  variety  of  soils  (13)  has  led  to  the  lowo  formula  for  determining 
diameter  changes,  which  is 


A 

IT 


1.5  <r 


(■ 


18  II 


+  l.l  ko 


) 


(18) 


where  A  is  the  vertical  diameter  change,  and  <7^  is  the  applied  static  overpressure.  The  static  solution  from  this 
analysis  yields  the  result 


o-  (l  -  0  +  ka/E  ) 
o  \  c 


(19) 


Comparison  of  Equation  18  and  19  indicates  a  significant  ogreement  between  theory  ond  experiment,  ot  leost  for  the  static 
problem.  Thus,  selection  of  the  foundation  modulus  con  be  mode  from  these  experimental  results  (13)  for  the  vorious  soil 
t)pes  tested. 


Dyrtomic  Buried  Cylinder  Tests 

A  series  of  dynom'c  model  tests  of  flexible  buried  tunnels  has  recently  beem  completed  (14)  and  comporisorts 
between  theory  and  experiment  ore  currently  in  the  process  of  being  mode.  Unfortunately,  no  information  is  currently 
avoiloble  for  presentation. 


APPLICATIONS  OF  THE  THEORY  TO  PRACTICAL  PROBLEA4S 

It  is  clear  from  the  preceding  discussion  that  it  it  not  possible  at  the  present  time  to  assign  precise  values  to  the 
porameten  on  which  the  solution  depends.  Nevertheless,  in  the  interim,  something  is  to  be  gained  by  on  investigotion 
of  the  nature  of  the  solutiorts  giver,  by  the  method  and  by  the  study  of  the  effects  on  these  solutions  of  variations  in  the 
porometers.  We  will  indicate  vorious  applications  to  which  the  solution  hos  been  applied  and  some  of  the  interestirsg 
results  generoted  for  these  problems. 
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SOIL -STRUCTURE  INTERACTION 


Buried  Flexible  Tunnels  Subjected  to  Step  Pulse  Loadings 

Table  i  contains  the  results  of  on  analysts  to  determine  the  response  cf  buried  concrete  tunnels  engulted  by  a 
step  pulse  pressure  wove.  The  three  parameters  (virtuol  mass,  soil  damping,  fou'-dation  modulus)  were  varied  over  a  large 
range  to  cover  the  extremes  of  values  most  likely  to  be  encountered.  In  addition,  three  values  of  the  radius  to  thickness 
ratio  were  chosen  to  cover  the  range  usually  found  in  protective  structures.  The  response  value  shown  is  the  ratio  of 
diametral  shortening  to  cylinder  diameter,  o  measure  of  the  developed  bending  moments.  It  may  be  fKSted  thot  the  dyrwmic 
load  foctors  obtained  from  the  solution  ore  generally  less  than  1 .4,  except  for  the  cases  where  no  soil  domping  Is  Included 
(a  highly  unrealistic  condition).  Thus,  these  results  indicate  that,  with  the  application  of  a  low  dynamic  load  foctor, 
an  analysis  for  static  loading  is  adequate  for  the  design  of  such  structures  of  interest.  Similar  dynamic  load  factors  were 
obtained  for  peak  lining  stress  as  well  as  applied  pressures.  Figure  4  contains  a  typical  example  of  the  pressure  applied 
to  the  cylinder  with  time. 


Fiq.  4  Pressure-Time  Variation  (Cose  24  of  Toble  2) 


Stotic  Buckling  r.f  Buried  Tunnels 

The  oisalysis  indicates  thot  the  pressure  required  to  cause  the  cylinder  to  buckle  in  the  first  bending  mode  {n^2) 


cr 


r 


ka 

T" 


(20) 


—  ,  3 

where  ^  Is  the  ordirsory  buckling  pressure  equal  to  3  Eb'a  .  From  this  result,  it  is  seen  that  for  reasonable  values 
of  ko,  the  buckling  strength  is  much  higher  than  the  applied  overpressures  enoountered  in  proctice.  In 

addition,  it  irtdicates  that  the  influence  of  direct  stress  on  bending  con  generally  be  neglected,  simplifying  the  shell 
problem  that  rteed  be  investigated. 
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TABLE  2 


Applied  Leeds  and  Motions  of  Vertical  Silos 

This  approccfi  for  toking  into  account  the  soil-stroefore  interaction  phenomena  hos  been  used  to  investigate  the 
resporsse  of  vertical  silos  (6)  to  engulfing  ground  shock  woves.  For  this  problem,  the  design  input  data  was  given  in  the 
form  of  free-field  shock  spectra.  To  convert  rt;Is  data  to  useable  input  for  the  analysis,  a  family  of  simplified  ground 
shock  wave  forms  were  evolved  which  developed  the  given  input  spectra.  The  informotioo  required  for  the  design  of  the 
structure  wos 

1.  loads  applied  to  the  silo  structure 

2.  motioTM  and  accelerations  tronsmitted  to  serwitive  equipment  housed  within  the  silo 

3.  characteristics  of  the  equipment  isolation  system  to  minimire  "rottle"  spoce  requiremettti  while  maintaining 

peck  occelerotions  within  tolerable  levels. 

For  this  porticulor  problem.  It  wos  found  that  the  motiorts  sustoined  by  the  key  equipment  within  the  silo  were  foirly 
insensitive  to  the  porticulor  values  of  the  foundation  parameters  chosen.  This  wos  doe  to  the  foct  that  the  silo  in  this 
cose  was  housed  in  on  extremely  stiff  medium.  A  typicol  result  of  this  onolysis  (Figure  5)  shows  the  displacement  history 
for  the  silo  and  the  free-field  at  the  top  and  bottom  of  the  silo.  The  silo  displacements  at  various  depths  were  then  used 
to  determine  in-silo  shock  spectra  ot  corresponding  depths.  Figure  6  shows  the  resulting  in-silo  and  free-field  shock  spectra 
at  the  surfoce. 
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Fig.  5  Silo  and  Free-Field  Displacement  Time  History 


Such  information  is  adequate  for  the  design  of  simple  isolation  systems  for  equipment  mounted  directly  to  the  silo  well. 
Previous  to  this  approoch,  the  onl)  yiternotive  open  to  the  designer  was  the  use  of  on  empirical  "structurol  attenuation 
factor"  to  decrease  the  high  frequency  end  of  the  free-field  input  spectra  to  obtain  input  spectre  to  equipment. 

Studies  of  Foam  Encased  Structures 

Currently  under  way  at  lltRl  is  a  series  of  dynamic  experiments  to  determine  the  response  of  buried  flexible 
tunnels  encasea  in  crusnuole  foom  "rer<»ri.ji.  uxv^t/vis  'onc  cssvx.  uieu  wouipuici  piogiom)  •  i'  b^en  ueveloped 

Ixjsed  upon  this  apprach  to  the  soil-structure  interaction  problem.  Preliminary  comparisons  of  orralytic  and  experimental 
results  indicate  a  significant  agreement  as  to  applied  pressure  loadings,  shell  response  and  percent  crushing  of  the  isolation 
material.  Again,  these  results  will  be  reported  upon  when  further  studies  ore  completed. 

SUMMARY 

\Ve  hove  tried  to  present  a  summary  of  an  approximate  soil-structure  interoction  model  applicable  to  the  problem 
of  circular  buried  protective  structures,  as  well  as  some  of  the  problems  to  which  this  model  has  been  applied.  We  would 
like  to  emphasize  again  that  the  primary  objective  of  this  approoch  has  been  to  provide  a  more  complete  tool  to  designers 
of  such  structures  than  currently  exists.  Naturally,  as  more  information,  both  arraiytic  and  experimental,  becomes 
available  to  the  designer,  the  model  can  be  furthe*"  improved  and  mode  more  applicable  to  the  problem  at  hand. 

From  some  of  the  problems  to  which  this  model  has  been  applied,  it  has  been  found  that  although  the  several 
open  parometers  involved  cannot  as  yet  be  precisely  specified,  significant  design  information  con  be  developed. 
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Fig.  6  Surface  Shock  Spectra 
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Tht  EFFECT  OF  PORE  PREiiCRE  C-N  SOIL-STRCCTuRE  irOERACTION 

Deiof  ^''urr'pton* 

ABSTRACT 

All  tests  were  conducted  in  o  4  inch  diameter  sFiock  tube,  onJ  the  propagation  of  pore  air  pressure  in  somples  of 
soil  subjected  to  a  shock  wave  was  studied.  The  soils  tested  were  a  uniformly  graded  pea  gravel,  a  standard  20-30  Ottowo 
sand,  and  a  well-graded  silty  sand.  The  orientation  of  the  shock  wave  to  the  soil  somple  was  head-on,  and  the  maximum 
Overpressure  on  the  upstream  end  of  the  sample  was  apprcximately  126  psi .  The  effect  of  peak  overpressure,  perrrveability, 
and  total  impulse  per  unit  area  was  ascertained.  The  data  are  reviewed  in  the  light  of  their  effect  on  loEroratory  experiments 
utilizing  shock  waves  to  load  specimens  of  soil. 


INTRODUCnON 

A  great  amount  of  time,  money,  and  effort  hos  been  and  is  being  expended  to  obtain  a  better  understanding  of 
soil -structure  interaction  phenoinena.  Much  of  this  research  is  conducted  in  the  loborotory  where  soil  specirnens  contoining 
gauge:  C”’  small  buried  structures  are  loaaed  by  shock  waves. 

When  a  shock  wave  oasses  over  the  soil,  air  is  forc.,d  into  the  pores  of  the  soil  and  pore  pressures  are  created.  If 
the  soil  is  dry,  only  pore  air  pressures  resuli,  in  partially  saturated  soils,  both  pore  air  and  pore  water  pressures  are 
generated;  ar>d  in  fully  sa*urcte'l  soils,  pore  pressures  are  roused  by  pore  water  only  .  Whatever  the  state  of  the  soil,  pore 
pressures  if  transmitted  deep  enough  will  alter  the  stress  state  of  the  soil  surrounding  the  buried  structure. 

The  effect  of  pee  pressures  on  the  effective  stress  at  a  given  point  in  c  mass  of  soil  can  be  noted  from  on  equation 
proposed  by  Bishop  (1): 


^'-‘^■ui+XV|-u2)  (') 

where  denotes  the  total  normal  stress; 

CT*  the  effective  normal  stress; 

u  ]  pressure  in  the  gas  and  vapor  phase; 

U2  pressure  in  the  pore  water;  and 

X  a  parameter  depending  principally  on  the  degree  of  saturation  of  the  soil, 
the  value  of  the  parameter,  X  ,  li  unity  for  saturated  soils  and  zero  for  dry  soils.  Furthermore,  it  should  be  noted  that 
for  extreme  values  of  X  ,  Equation  1  reduces  to  the  form  of  tiiot  originally  proposed  by  Terzoghi  (2)  for  o  two-phose  system. 

It  is  apparent  from  Equation  1  that  if  significant  pore  pressures  are  developed  by  air  entering  or  attempting  to  enter 
the  pores  of  the  soil,  then  the  stress  stote  of  the  soil  will  be  altered.  To  understood  soil-structure  interaction  phenomeno, 
one  must  be  able  to  evaluate  the  rnagnitude  and  nature  of  the  stress  chonge.  To  evaluate  this  stress  chonge,  one  must  also 
be  able  to  evaluate  the  pore  pressure  in  any  given  moss  of  soil,  at  any  given  point  resulting  from  a  sFtock  wove  with  any 
given  pressure-time  history  at  the  surface  of  the  ground. 

In  addition,  if  one  is  to  use  dato  from  laboratory  experirrvjnts  to  predict  phenomeno  which  occur  under  full-scole 
conditions.  And  if  significant  pore  pressures  are  developed  in  lnboro*or)'  experiments,  whether  they  ore  pore  air  pressures, 
pore  water  pressures,  or  a  cOiMbluoliun  uf  pme  oli  ono  pme  woter  pressures,  rney  hove  to  bear  the  oppropnate  scale 
relationship--which  is  practically  impossible. 

Seed  and  Clough  (3)  ocknowledged  the  difficult,  of  modeling  pore  wafer  pressures  in  cohesionless  soils:  "The 
writers  presented  this  analysis  to  emphosize  the  extreme  importance  of  pore-pressure  effects  in  model  testing  and  the 
potential  dangers  of  attempting  to  incluue  them  in  o  test  program.  It  is  doubtful  if  techniques  could  ever  E)e  developed 
for  correct  modeling  of  pore  woter  pressures  in  cohesionless  materials  and  at  the  present  stoge  of  knowledge  the  only 
recourse  seems  to  be  the  eliminotion  of  the  ptoblem  by  using  only  dry  cohesionless  materials  for  model  construcfiori." 
Although  this  statement  refers  to  pore  wafer  pressures  in  particular  it  is  also  applicable  to  pore  pressures  of  all  types. 

From  the  obove  discussion  it  is  opporent  fhtjt  the  distonce  of  propagotion  and  the  mognitude  of  the  pore  air 
pressures  in  soil  specimens  loaded  by  shock  waves  are  of  prime  importance.  If  the  penetrotion  is  deep  enough  to  produce 
significont  pore  air  pressures  in  the  vicinity  of  a  buried  stre^cture,  the  stress  state  of  the  soil  surrounding  the  structure  will 

‘Research  Associate  Engineer,  Air  Force  SlKxk  Tube  Facility,  University  of  New  Mexico,  Albuquerque,  New  Mexico. 
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nt  fhe  Air  Force  S'^ck*  Tube  Fauilit,  (ustit, teo  o  reseorcP  program  to  explore  it.  The  experimentoi  program  was  conducted 
in  the  4  mcfi  diameter,  compressed-oir-dt i  uen  shock  tube  which  produced  o  shock  wave  that  strikes  the  sample  head-oo. 

The  maximum  pressure  at  the  upstream  end  of  the  sample  wos  approximately  126  psi . 

It  should  be  noted  that  all  pressures  in  this  repor*  are  gauge  pressures.  In  extrapolating  the  data  to  other  otmos- 
pheric  conditions,  one  must  toke  into  consideration  that  the  overage  barometric  pressure  at  the  test  site  is  12  psia. 

The  soils  used  in  this  study  were  peo  grave!,  20-30  Ottawa  sard,  and  a  well-graded  silty  sand;  their  basic  pro¬ 
perties  will  E)e  given  subsequently,  and  all  were  tested  in  an  air-dry  condition, 

SOIL  PROPERTIES 


Groin-Size  Distribution 

Pea  gravel  and  Ottawa  sand  are  uniformly  graded  soils,  and  their  grain-size  distributions  are  given  in  Table  1  , 


Table  1 


GRAIN-SIZE  DISTRIBUTION  OF  PEA  GRAVEL  AND  OTTAWA  SAND 


U.S.  Std. 

sieve  Nc . 

Size  of  opening 
(inches) 

Percentage  passing 

Pea  Grovel  Ottowa  sand 

• 

0.375 

99.24 

4 

0,187 

17.90 

10 

0.07S7 

0,96 

100.00 

0  0,331 

- 

99,43 

30 

0.0232 

- 

5.78 

40 

0.0165 

0.12 

0.03 

100 

0.0059 

0,04 

0.00 

200 

0.CO29 

0.00 

The  grain-size  distribution  of  the 
silty  sand  is  shown  in  Figure  1 . 

It  can  be  seen  that  approx  i  mote  I  y 

ti  iittci  i  I  tUH 

(upper  limit  of  the  silt-size 
particles)  and  approximately 
7  percent  finer  than  0.002  mm 
(upper  limit  of  the  clay-size 
particles). 


Fig.  1  Groin-Size  Distribution  Curve  (Silty  Sond, 
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yARIATIONS  If  j  SOIL  SAA/.PLES  TESTED 


Pea  aravei 

107.4 
105.0 
0.52 

0.54 

Afi  atternpt  was  made  to  determine  the  effect  of  a  change  in  void  ratio  on  the  propagation  of  pore  oir  pressure 
through  samples  of  the  silty  sand.  The  extent  to  which  the  void  ratio  could  be  controlled  can  be  seen  from  Table  3. 

Table  3 

VARIATIONS  IN  UNIT  WEIGHT  AND  VOID  RATIO  OF  SILTY  SAND 


r  max  (1^ 


ft) 

(lb  cu  ft) 


Ottowa  sand 

1  15.6 
111.9 
0.43 
0.47 


Soil  condition 


Loose 

Dense 


So|!  property 


Unit  weight  (lb,  cu  ft) 

I  Void  ratio 

^max^  97.6 

emin  ^  0.72 

r.min  -  94.8 

Cmox  '  0.77 

y max  '  105.8 

®min  ”  0,63 

y  min  101.2  I _  *mox  “  0,66 


It  should  be  emphasized  that  these  data  indicate  the  extreme  variation  of  the  properties  considered,  and  in  most 
cases  the  variation  was  iTKch  less.  It  wos  therefore  assumed  that  the  properties  of  all  somples  tested  ore  the  same  for  a 
given  soil  type  and  relative  density. 


Permeobiiity 

Tests  were  conducted  to  determine  he  permeability  of  the  soils  to  water.  These  were  done  with  the  constont  heod 
permeameter  for  the  pea  gravel  and  Ottawo  sand,  and  with  the  falling  head  permeometer  for  the  silty  sand.  The  results 
are  presented  in  Table  4, 

Toble  4 


AIR-DRY  UNIT  WEIGHT  AND  PERMEABILITY  OF  SOIL  SAMPLES 

»  r 


Air-dry  unit 

Permeobiiity,  k 

Physical 

Soil 

i  weight,  / 

1  (ih,  cu  ft) 

i 

(era  S®c) 

t 

0.232 

permeability, 
(cm^) 
t  . 

2.34  X  10-6 

Peo  grovel 

1 

j  107.0 

105.0 

v3.247 

2.50  X  10"6 

Ottawo  sand 

’  112.0 

0.060 

1  6.06  X  10"^ 

j  Ill.O 

0.061 

i  6. 16  X  lO”’ 

Sil.’y  sand 

1  109.5 

0.9/1  X  10"^ 

^  9.81  xJ0-*0 

Atterberg  Limits  <ind  Hydroscopic  Moisture 

Tests  were  conducted  on  the  sitt,  sand  to  aefermine  its  Atterberg  limits  and  hygroscopic  wafer  cof'tenf.  The 
Atferberg  limits  were  determined  ors  the  'rmteriol  passing  the  No.  40  U.  S.  Stcndord  sieve.  The  liquid  limit  was  found  to 
be  21 .4  percent  and  the  plasticity  index,  1 .9,  The  hygroscopit  moisture  content  wos  3.2  percent. 


»  tt 


i*»  Prep;rTKv> 

The  ie-ti.i'  I-  r>-.e  4  i-.>  i'o;.-  » jt  e  •■•  ji  -5ij"ie»er  js  '^e  iho,'  •  jbe .  Af  r:-e  star*  so'^ple  pre- 

p/'jtafijf'  *’e  iOM-!est  vectioh  *  Ji  pia-.e-J  ii  j  .erfii,  j'  po^i'icn,  thi-  e”  2  js  covereti  Ait.  j  clre  ihcst-  to  retain  the  soil, 
ana  restea  on  the  Hoot.  A  r^io.  30  sieve  iCrecf'  was  >,sed  to  hold  the  sa-^iple  of  Ottawa  sand,  a  T4o ,  4,  tot  the  pea  grovel, 
and  a  No.  250,  for  the  silty  sand. 

The  Ottowa  sond  was  pojred  throogh  a  funnel  into  a  2  inch  diameter  radiator  hose,  to  the  bottom  of  Ahich  wos 
attached  a  wire  mesh.  The  mesh  distributed  the  felling  sand  and  forced  it  to  rain  down'  on  the  soil  surface,  producing  a 
high  relative  density.  The  saime  procedure  was  used  for  the  pea  gravel,  except  thof  the  screen  and  hose  were  omitted. 

The  Ottawa-sond  and  pea-gravel  samples  produced  In  this  manner  were  a  minimum  of  6.13  feet  long  for  testing  in 
the  4  inch  shock  tube.  A  screen  of  appropriate  size  was  placed  over  the  upstream  end  of  the  sample  and  held  in  place  by- 
screws.  The  test  section  was  then  attached  to  the  shock  tube. 

In  the  cose  of  the  silty  sand,  a  given  amount  (2  kilogroms)  wes  dropped  in  the  test  section.  For  the  dense  state, 
the  sand  was  compacted  by  25  blows  of  a  10  pound  weight  dropped  18  inches  onto  o  imetol  plate  which  covered  the  entire 
surface  of  the  soil.  The  process  was  repeated  until  a  sorriple  3,13  feet  long  was  obtained.  The  end  of  the  sample  was  then 
covered  with  a  screen  and  attached  to  the  shock  tube.  The  loose  state  wos  obtained  by  dropping  the  soil  through  a  funnel 
placed  at  the  upstream  end  into  tfie  soil-test  section  until  the  desired  length  of  sample  was  obtained. 

Test  Setup 

The  basic  test  setup  is  shown  in  Figure  2.  The  lower  portion  of  Figure  2  shows  the  gouge  station  numbers  and  the 
distance  of  the  gauge  stations  from  the  upstream  end  of  the  soil-test  section.  The  shock  wave  is  produced  by  rupturing  a 
membrane  which  foi’-ms  one  end  of  a  compressed-air  driver  chomber. 

For  the  tests  on  gravel,  one  specimen  was  used  for  a  complete  series  of  shots.  This  proved  feasible  because  no 
disturbance  of  the  specif^n  was  noted.  Furthermore,  this  opprooch  was  justified  experimentally. 

htowever,  for  the  tests  of  the  Ottawa  sand  and  the  sidy  sand,  a  virgin  sample  was  used  for  each  shot.  A  series  of 
shots  consisted  of  tests  at  nomlnol  reflected  pressures  of  20,  40,  60,  70,  80,  105,  and  120  psi  on  the  upstream  end;  the 
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fig.  2  Scheimotic  Diogrorn  of  Test  Setup 
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SIMILITUDE  AND  MODEL  STUDIES 


multing  slioctc  waves  reflectlii^  at  the  sample  Interface  were  monitored  by  a  gauge  Immediately  preceding  the  sample. 
Instrumentotlon 

Initially,  barium  titonate  gauges  were  used  In  the  soil-test  section  to  measure  the  pore  oir  pressure.  These  gauges, 
assembled  in  the  Electronics  Laboratory  of  the  Air  Force  Shock  Tube  Facility,  were  covert  with  a  No.  30  sieve  screen 
(Figure  3).  There  was  on  air  gap  of  0.030  inch  between  the  screen  and  the  senslrg  element. 


nylon  1/4  In 

housing  — -it 

Cevicy  In 
potting 

Piezo«li.xtric 
crystal 


Brass  case 


Lead  wires 


Screen 

Epoxy  potclng 


1/2-20NF 


-Stainless 
steel  case 


Nylon  diaphragm 
1^0,21  in. 


—  Sensing  element 
- 1/2-20NF 


Microdot  31-50 
connector 


Ax'iphenu  1 . 
connector 


1  In.  hexagonal  head 
:l/2-20NF 

3/4-16NF 


k  9/32  in. 
■Wire  mesh 


(a)  Barium  titanate 


(b)  Cranath  ST-2 


(c)  Cronmet 


Fig.  3  Schematic  Diagram  of  Gouges  and  Grommet 

Gronath  ST-2  gouges,  manufoctured  by  Susquehanna  Instruments  Company,  were  used  in  all  tests  to  monitor  the  air 
shock  pressure  in  the  section  upstream  with  respect  to  the  face  cf  the  sample.  The  monitor  gouge  was  2-1/2  inches  up¬ 
stream  of  the  test  section  in  the  4  inch  shock  tube. 

The  bwium  titonate  gouge  (Figure  3a)  proved  satisfoctory  for  measuring  pore  oir  pressure  in  testing  the  pea  grovel . 
However,  it  proved  unsatisfactory  with  the  Ottawa  sand  and  silty  sand  becouse  the  screen  was  forced  ogoinst  the  sensing 
element,  end  the  gauges  registered  a  total  stress  insteod  of  pore  air  pressure.  Consequently,  another  method  of  measuring 
pore  oir  pressure  was  required. 

It  was  felt  thot  the  principal  fault  of  the  barium  titonate  gouge  resulted  from  the  method  of  mounting  the  screen 
over  the  sensing  element.  A  more  effective  method  of  isolotir^  the  sensing  element  of  the  gauge  from  the  soil  was  sought. 

A  grommet  wos  mode  to  hold  the  gauges,  over  the  end  of  which  wire  mesh  could  be  cemented.  The  distance  between  the 
mesh  and  the  gouge  was  0.020  inch. 

To  increase  the  accuracy  of  the  measurements,  the  Gronoth  ST-2  gauge  was  substituted  for  the  barium  titonate  gauge 
becouse  the  former  has  much  leu  cross-axis  sensitivity. 

The  new  combination  of  grommet  and  ST-2  gauge  proved  sotisfoctory,  and  it  was  used  to  measure  pore  air  pressures 
in  all  tests  except  those  on  pea  grovel  and  Ottawa  sand,  a  No.  30  sieve  screen  wos  used  ocrou  the  end  of  the  grommets; 
and  for  tests  on  silty  sond,  a  No.  250  sieve  screen  was  used  to  isolote  the  sensing  element  from  the  soil . 

For  a  more  comprehensive  description  and  explanation  of  the  instrumentation,  see  Reference  4. 

Doto  Recordirsg  ond  Proceuitsg 

The  data  were  record^  on  magnetic  tape  with  equipment  whose  frequency  sensitivity  rorsges  from  DC  to  20  kc. 

The  data  were  taken  from  the  tope  by  two  methods.  The  first  was  to  ploy  the  tope  through  on  oscilloscope  and  take 
Polaroid  pictures  of  the  dota  channels.  The  second  wos  to  obtain  a  complete  and  simultaneous  visual  record  of  all 
gouges  by  ployirsg  the  tape  through  a  light-sensitive,  multichannel  recording  oscillograph.  The  second  method  allowed 
the  observer  to  relote  the  performance  of  the  gauges  in  time  and  to  see  the  entire  history  of  the  event. 
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SOIL-STRUCTURE  INTERACTION 


RESULTS 


General 

When  the  shock  wave  stril«s  the  soil,  oir  is  forced  info  the  pores.  In  proctically  all  cases,  the  rate  of  transmission 
of  the  air  tnrough  the  pores  of  the  soil  will  be  significantly  less  than  the  initial  rc‘e  at  which  the  air  is  being  introduced. 
Consequently,  near  the  upstream  end  of  the  specirnen  o  buildup  of  quasi-static  pressure  will  occur  which  may  possibly  in¬ 
crease  the  pore  air  pressure  above  the  input  pressure  at  the  air-soil  interface. 

If  the  magnitude  of  this  quasi-static  pressure  becomes  appreciable,  it  would  significantly  alter  the  rate  of  attenu¬ 
ation,  i,e,,  the  essentially  exponentiol  decay  shown  in  Figures  4  and  3  would  not  be  valid. 


Penet  r>it  ion  ,  feet 

Fig.  4  Pore  Air  Pressure  Vs.  Penetration  (Pea  Grovel,  4-|nch  Shock  Tube) 

The  first  gauge  station  was  ot  a  penetration  of  0.22  foot.  As  a  result  the  magnitude  of  the  pore  air  pressure  at 
shol  lower  penetrations  is  not  known.  Additional  reseorch  is  needed  to  clarify  the  effect  of  quasi-static  pressure  on  the 
pore  air  pressure  at  shallow  penetrations.  The  data  did  not  show  evidence  of  the  build-up  of  quasi-static  pressure.  In 
instances  w  ‘ere  the  data  points  lie  above  the  estoblished  curves,  evidence  in  the  following  sections  shows  the  gauge  to  be 
n.easuring  a  combination  of  soil  and  pore  air  pressure  caused  by  the  screen  which  covers  the  gauge  having  been  forced 
bock  onto  its  sensing  element. 

Input  Wave  Shope 

figure  o  shows  a  typical  trace  from  a  monitor  gauge  in  the  air-test  section  ahead  of  the  upstream  end  of  the  somple. 
Three  possible  input  pressures  could  be  used  in  analyzing  the  data.  In  order  of  increasing  magnitude,  these  ore  1)  the 
incident  pressure,  2)  the  reflected  pressure,  and  3)  the  pressure  resulting  from  the  cold  gouge,  represented  by  the  peak  of 
the  curve. 

The  first  two  points  need  no  explanation,  but  the  third  requires  clarification.  When  the  membrane  breoks,  two 
distinct  fronts  develop  and  eoch  travels  at  a  different  velocity.  The  faster  of  these  fronts,  the  hot-air  fron;,  results  from 
the  air  originally  in  front  of  the  membrane  being  compressed,  and  it  travels  at  shock  velocity.  The  cold-air  front, 
resulting  from  the  expansion  of  the  air  in  the  combustion  chamber,  travels  at  the  particle-flow  velocity  . 

Consequently,  the  monitor  gauge  first  registers  the  initial  passage  of  the  hot-gas  front.  Before  any  decay  can  fake 
place,  the  hof^as  fro»t*  has  reflected  from  the  upstream  end  of  the  soil  sample,  and  this  reflected  pressure  is  applied  to 
rhe  monitor  gouge.  Finally,  before  significant  decoy  of  the  initial  reflected  pressure  can  occur,  thr>  gauge  also  feels  the 
reflected  pressure  due  to  the  cold  gas.  Since  the  cold  gas  has  the  same  particle  velocity  but  a  higher  density  than  the  hot 
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Fig.  J  Por«f  Aif  Pr'*ssore  Vs.  Pruefration  (Ottowo  Sand,  4-lnch  Shock  Tube) 


gas,  it  reflects  to  a  higher  oressjre.  The  maxirru.r  pressure  reflected 
by  the  monitor  gouge  considered  to  be  rhe  ir,j.ut  to  the  soil  sample 
ond  will  be  known  au  the  overpressure  oi  renocted  overpressure.  The 
maximum  reflected  pressure  was  chosen  as  a  reference  because  it  was 
felt  that  it  would  relate  more  cic'ely  fo  the  pore  air  pressure  as 
measured  at  each  gauge  statior.. 

The  upstream  section  of  tne  4  irc'i  shock  fube  repteseoh  o 
confined  column.  As  a  result,  ihe  shock  wave  reverberates  in, 
approximately,  a  30-msec  cycle.  Therefore,  in  establishing  the 
relationship  between  pxsre  air  pressure  and  penetration,  only  the 
maximum  pressure  occurring  in  the  first  30  msec  offer  the  onset  of  the 
pulse  was  considered. 

In  Figure  7,  one  can  observe  the  change  in  shape  of  the 
prf  Siure  versus  time  curve  or  the  air  pressure  resulting  from  the  shock 
penetroies  the  sample.  Even  at  a  penetration  of  0,22  foot  the  initio! 
air  shock  h  is  dt>generated  into  o  slow-rising  pressure  pulse  (rise  time 
cf  ot  fiovimately  9  msec  for  the  troce  shown).  For  u  penetration  of 
1 .3ci  A;(?f  fhe  ■‘ise  time  i  ■  more  thon  twice  that  ot  a  penerrofion  of 
0.2/  (oof,  w'iile  the  peak  pressure  has  decreased,  approximately,  by- 
factor  ot  fen.  Although  the  dota  shown  are  for  Ottawa  sand,  the 
general  paftejo  h  si-^ilar  for  the  other  soils  tested. 


Sweep  speed:  5  msec/crr. 

Vertical  sensifivity,  !00mv/cm 
Mo/lmurn  pressure:  64.4  psl 
Fig.  6  Typlcol  Air-Monitor  Gcuge  Traces 
Showing  Shape  ot  input,  Pressure- 
Wr.ve  Form, 


Figures  6  c  . 7  also  cler  riy  show  the  effect  of  the  closed,  upstream  end  of  the  shock  tube.  One  can  readily  see 
•hot  the  sample  w-^js  being  subjected  to  a  reflected  wave.  As  o  result,  in  analyzing  the  data,  only  the  first  30  msec  were 
considered  valid.  This  wos  especially  important  for  those  sci-ords  on  which  the  time  nf  arrival  of  the  reflections  could 


not  be  discerned.  This  non, -wily  occurred  ot  penetrotioris  of  3.13  feet,  but  for  relatively  low  incident  pressures,  it  also 
took  place  at  punetrofions  of  2.13  feet. 


At  least  two  tests  were  conducted  at  each  overpressure  level  to  check  the  repeatability  of  the  data, 
ogreement  was  r>ot  obtained  between  the  two,  an  odditionoi  test  wns  conducted. 


If  reasonable 
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(a)  Penetration,  0.22  ft. 

Sweep  speed:  5  msec/cm 

Vertical  sensitivity:  100  mv/cm 

Maximum  pressure:  37.9  psi 

Fig.  7  Wave  Shape  ot  Penetratians  af  0.22 


(b)  Penetration,  1.38  ft. 

Sweep  speed:  10  msec/cm 
Verticol  sensitivity:  100  mv/cm 
Maximum  pressure:  3.2  psi 
1.38  Feet  (Ottawa  Sand,  4-Inch  Shock  Tube) 


In  all  tests  the  rraximum  pressure  on  the  upstream  ersd  of  the  sample  {zero  penetration)  was  assumed  to  be  the  same 
as  that  recarded  by  the  input  air-monitor  gauge  (2.5  inches  ahead  of  the  upstream  end  of  the  sample). 


Pea  Gravel 

The  data  obtained  from  the  testing  of  the  pea  gravel  in  the  4  inch  shock  tube  ore  shown  in  a  plot  of  measured  pore 
oir  pressure  versus  penetration  (distance  from  the  upstream  end  of  the  sample). 

As  can  be  seen  from  Figure  4,  most  data  for  penetrations  of  0.22  and  0,38  foot  (gouge  stations  E-1  ond  E-2, 
respectively)  appear  significantly  above  the  appropriate  curve.  The  doto  show  thot  in  practically  all  coses  with  a 
penetration  of  0.22  foot,  the  maximum  pore  air  pressure  exceeds  the  maximum  overpressure. 

To  check  the  validity  of  these  data,  a  series  of  tests  were  run  on  peo  gravel  and  on  Ottawn  sond  with  a  plostlc 
membrane  over  the  upstream  end  of  the  sample.  In  these  tests  the  moximum  possible  pressure  ot  the  surface  of  the  metnbrone 
wos  125.5,  93,0,  or  38.4  psi.  In  each  case,  it  was  found  that  the  first  three  gauges  (stotions  E-1,  E-2,  ond  E-3  which 
were,  respectively,  0,22,  0.38,  ond  0,63  foot  from  the  end  of  the  sample)  recorded  o  pressure. 

The  measured  pressures  could  be  caused  by  one  of  the  following  phenomena;  1)  an  increase  in  pore  air  pressure  due 
to  volume  decrease  under  the  applied  overpressure,  2)  the  gauge's  measuring  the  results  of  soil  pressure  and  pore  air 
pressure,  or  3)  a  high-frequency  shock  generating  on  the  other  side  of  the  membrane  and  quickly  decaying.  Because  of 
the  mognitude  of  the  measured  pressure  at  0.22  foot  penetration  (approximately  12  psi  for  a  maximum  pressure  at  the 
upstream  end  of  126  psi)  and  because  the  membrane  was  in  intimate  contact  with  the  sample,  phenomeno  1  and  3  are  of  no 
importance  to  this  study.  It  con  thus  be  concluded  that  the  gauges  were  overregistering,  principally  because  the  soil 
pressed  against  the  sensing  element.  The  data  discussed  in  this  phase  were  obtained  from  barium  titonate  gauges  without 
grommets. 

It  appears  that  beginning  at  station  E-4,  0.97  foot  from  the  upstream  end  of  the  sample,  the  gauges  were  reading 
only  the  effect  of  air  pressure.  Also,  for  the  readings  obtained  at  gauge  station  E-3  with  0.63  foot  penetration,  the 
values  of  measured  pore  air  pressure  were  not  significantly  affected  by  the  soil  pressing  against  the  sensing  element. 
Approximately  126  psi  on  ine  s  irface  of  the  sample  produced  a  maxirrium  pressure  reading  of  approximately  3  psi  at 
station  E-3  when  the  upstream  end  of  the  sample  was  covered  with  o  membrane. 

As  a  result  of  the  findings  indicated  above  and  In  drawing  the  curves  of  Figure  4,  the  data  collected  at  stations 
E-1  ond  E-2  were  suspect  (penetrations  equal  to  or  less  than  0,38  foot).  Therefore,  those  portions  of  the  curves  for  a 
penetration  of  less  than  0.38  foot  were  basud  on  the  shape  of  the  curves  at  a  greater  penetration,  i.e.,  assuming  the  data 
obtained  from  stations  E-3  to  E-9  to  be  valid  and  using  the  dota  from  stations  E-1  to  E-2  as  an  upper  bound. 

The  data  for  overpressures  of  126.1  and  20.4  p;!  do  not  follow  the  afore'iientioned  pottem.  The  reason  in  the  case 
of  the  126,1  psi  shots  is  that  they  were  the  first  two  tes-T  in  which  these  gauges  vere  used,  end  the  space  between  the 
seruing  element  and  the  screen  was  sufficient  te  prevent  the  registration  of  significant  soil  pressure.  With  regard  te  the 
data  from  the  20.4  psi  shot,  the  lateral  effective  stress  in  the  soil  was  not  sufficient  to  produce  soil  pressures  of  a 
detectoble  magnitude,  due  to  the  isolation  of  the  gouge. 

From  Figure  4  it  con  readily  be  seen  that  the  excess  pore  air  pressure  produced  by  the  air  shock  striking  the  sample 
initially  decays  quite  rapidly.  For  example,  by  the  time  the  pore  air  pressure  reaches  station  E-5,  it  has  attenuated  a 
minimum  of  67  percent.  However,  the  remaining  33  percent  requires  an  additional  4.4  feet  for  essentially  100  percent 
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offenuotJon.  The  initial  67  percent  attenuotion  is  accomplished  In  less  thon  1.38  feet.  The  date  indicate  that,  under  the 
conditioru  of  these  tests,  the  pore  oir  pressure  In  the  sample  will  not  be  significantly  effected  by  the  shock  wave  at  distances 
greater  than  6. 13  feet. 

The  data  presented  In  Figure  4  hove  been  replotted  in  Figure  6.  The  latter  estoblished  the  relatianship  between  the 


Maximutn  ovc-rprossure ,  p^,  psi 

Fig.  8  u jj/Pg  Vs.  Maximum  Overpressure,  p^  (Pea  Gravel,  4-|nch  Shock  Tube) 

pore  oir  pressore/overpressure  ratio,  u^^,  and  overpressure  for  a  given  penetration. 

The  shape  of  the  curves  is  interesting.  It  Implies  that  for  large  overpressures  the  pore  air  pressure/overpressure 
ratio  reaches  a  constant  value.  In  the  case  of  the  peo  gravel,  such  o  condition  leods  to  the  hypothesis  that  the  rate  of 
attentuation  with  penetration  is  independent  of  overpressure—ot  least  ot  the  higher  overpressures  of  the  test.  The  dato 
cited  above  agree  with  data  that  Crist  (5)  obtained  from  tests  on  rock  filters. 

Table  5  shows  the  relationship  between  the  attenuation  factor  ond  oir  pressure  on  the  upstream  face.  The 
attenuation  factor,  F,  was  confuted  os  follows: 

F  =  (100)  (2) 

where  p^  is  the  rtraximum  oir  pressure  on  the  upstream  face  of  the  sample,  os  meosured  2-1/2  inches  from  the 
upstream  end  of  the  somple; 

u  the  gauge  reading  at  a  specific  location  along  the  length  of  the  sample;  and 

F  the  attenuation  factor  (expressed  as  a  percentage). 

It  should  be  noted  that  the  attenuation  facton  shown  in  Table  5  are  based  on  the  curves  of  Figure  4.  Table  5 
olso  shows  that,  for  the  conditions  of  the  test  described,  the  attenuation  factor  Is  not  greatly  effected  by  overpressure 
ond,  os  a  first  approximation,  may  be  considered  independent  of  overpressure.  The  maximum  value  of  the  standard  error 
of  the  mean,  os  a  percentage  of  the  mean,  is  approximately  12  percent.  Nevertheless,  one  should  recognize  that  there 
is  a  tendency  toward  a  slight  increase  in  the  attenuation  factor  with  on  increose  in  overpressure. 

The  mognitude  of  the  increase  in  the  attenuation  foctor  with  overpressure  con  be  ascertained  from  Figure  9,  In 
this  figure  two  curves  are  shown  for  the  pea  gravel,  representing  overpressures  of  126. 1  and  20.4  psi.  The  vertical 
separation  of  the  curves  is  relatively  small  and  lends  crederKe  to  the  assumption  that,  as  a  first  approximation,  the 
attenuation  foctor  can  considered  independent  of  overpressure. 
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Gouge 

location 


Pene- 

Maximum  overpreuure  at  upstream  end  (psi) 

Std.  error 

Porcent- 

oge 

of  mean 

(ft) 

20.4 

38.9 

54.2 

68.5 

78.8 

102.5 

126.1 

(psi) 

0.22 

21.6 

25.4 

26.2 

27.0 

27.2 

29.8 

27.7 

2.5 

9.5 

0.38 

26.5 

31.9 

29.9 

35.1 

35.3 

37.6 

36.0 

3.9 

11.7 

0.63 

30.9 

41.7 

48.4 

49.7 

49.3 

51.2 

52.6 

4.3 

9.3 

0.97 

51.0 

60.0 

62.0 

64.6 

62.1 

63.0 

65.7 

4.9 

8.0 

1.38 

67.7 

74.5 

74.0 

76.2 

73.2 

75.4 

77.6 

3.2 

4.3 

2.13 

82.4 

85.9 

84.1 

83.6 

84.0 

86.0 

86.4 

1.5 

1.8 

3.13 

92.1 

93.0 

91.9 

90.9 

90.3 

92.0 

91.5 

0.9 

1.0 

4.13 

98.3 

97.5 

96.0 

95.3 

94.9 

95.1 

95.2 

1.3 

1.4 

5.13 

100.0 

100.0 

99.0 

98.6 

98. 1 

98.0 

98.4 

0.8 

0.8 
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Figure  10  is  a  plot  of  pore  nir  pressure 
versus  maximum  reflected  overpressure.  For 
the  ronge  of  oveqaressures  tested,  this 
relationship  con  be  considered  linear.  How¬ 
ever,  the  trend  of  the  lost  two  data  points 
suggests  that  this  linearity  may  not  extend 
to  higher  overpressure  levels.  ■- 

The  curves  of  Figure  10  should  have 
a  zero  intercept  on  the  Y-axis,  but  such  is  J 
not  the  cose.  The  reason  for  the  discrepancy  2 
may  be  due  to  experimental  error  or  the  £ 

physics  of  the  system,  i.e.,  the  linearity  “■ 

does  not  persist  for  low  volues  of  overpressure, 

Figure  11  is  a  plot  of  unit  impulse  " 
(impulse  per  unit  area)  versus  time— air-shock  g 
monitor  gouge—for  the  pea  grovel.  It  is 
opparent  that  as  overpressure  (maximum 
reflected  pressure)  increases,  the  unit 
impulse,  at  any  given  time  after  the  onset 
of  the  shock  wove,  also  increases.  In 
addition,  os  the  magnitude  of  the  elapsed 
time  increases,  the  effect  of  overpressure 
on  the  unit  impulse  also  increases. 


Maximum  ovtTpr»*!»!iurt* ,  psi 


The  unit  impulse  is  a  measure  of  the  p.  Pressure  Vs.  Maximum  Overpressure  — 

energy  which  is  producing  the  flow  of  oir  Penetration  Constant  (Peo  Grovel,  4.|nch  Shock  Tube) 

through  the  pores  of  the  soil.  As  might  be 

expected,  the  higher  the  overpressure,  the  more  energy.  However,  from  Figure  4,  it  is  evident  that  the  effect  of  unit 
irrputse  dissipates  ropidly  with  penetration;  for  example,  the  separation  between  the  curves  becomes  smoll.  It  appears 
that  unit  irr^ulse  effects  the  mognitude  of  the  pore  air  pressure  to  o  significant  degree,  but  only  at  shallow  penetrotions. 
In  oil  probobility,  unit  impulse  would  also  effect  the  distanc.s  of  penetration,  but  the  magnitude  of  penetrotlon  eonnot 


Time,  msec 


Fig.  11  Unit  Impulie  V*.  \iive  (Pea  Gravel) 
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Figure  12  Is  a  plot  of  nnaximum  rnfl«cred  pressure  versus  unU  impulse,  liie  relationship  is  linear  within  the  limits 
of  experimental  error.  It  should  be  noted  that  the  unit  impulse  under  the  first  cycle  of  loading  (approximately  30  msec) 
is  much  less  than  that  at  a  time  of  160  rnsec.  This  indicates  that  the  reverberating  shock  wove  maintains  a  large  portion  of 
its  initial  energy  over  the  indicated  period. 

Ottowo  Sond 

Figure  5  is  o  plot  of  pore  oir  pressure  versus  penetration  for  the  Ottawa  sand.  This  figure  shows  that  the  rate  of 
attenuation  of  pore  air  pressure  produced  by  an  air  shock  is  very  high  in  dense  Ottawa  sand.  Also,  on  the  basis  of  the 
data  collected  and  for  the  test  conditions  previously  »*oted,  a  length  of  sample  of  approximately  4.13  feet  would  reduce 
the  Incident  pore  air  pressure  to  zero. 

The  data  in  Figure  5  are  plotted  in  a  different  manner  in  Figure  13.  With  the  exception  of  the  data  for  penetrations 
of  0.97  ond  1.38  feet,  the  trend,  os  noted  for  the  peo  gravel,  is  toward  a  constant  value  of  u^/p^  for  large  overpressures. 
This  implies  that  is  ii'xjspe<>dent  of  overpressure  for  large  values  of  the  latter. 

Table  6  presents  the  relationship  between  attenuation  factor  and  depth  of  penetration.  From  this  table  one  can 
conclude  that  os  a  First  approximation  the  attenuation  factor  for  a  given  penetration  can  be  considered  independent  of 
overpressure.  This  statement  is  validated  by  the  two  curves  for  Ottawa  and  shown  in  Figure  9.  They  represent  over¬ 
pressures  of  22.4  to  1 19.8  psi,  yet  their  separation  Is  a  maximum  of  two  on  the  attenuation-factor  scale. 

The  values  of  attenuation  factors  shown  In  Table  6  for  station  E-1  at  overpressures  of  105.5  and  1 19.8  psi  are  much 
too  low  for  penetrations  of  0.22  and  0.38  foot.  The  reason  is  that  the  measured  pore  air  pressures  for  these  conditions 
were  In  error  (too  high).  Tliis  error  was  probably  caused  by  the  screen  covering  the  gauge  being  forced  onto  the  sensing 
element. 

As  previously  mentioned  in  the  discussion  of  the  results  of  tests  on  the  pea  gravel,  it  was  thought  that  the  possibility 
of  the  gouge  measurir^  a  combination  of  soil  pressure  and  air  pressure  had  been  eliminated  by  the  use  of  the  screen- 
covered  grommets.  It  proved  to  be  a  reosonable  assumption,  except  for  stations  E-1  and  E-2  at  overpressures  greater  than 
100  psi. 

The  validity  of  the  previous  statement  is  supported  by  Figure  14  which  is  a  plot  of  maximum  overpressure  versos 
pore  air  pressure  for  a  given  penetration.  The  data  points  are  plotted  along  straight  lines  except  those  for  gauge  stations 
£-1  and  E-2  at  pressures  greater  than  100  psi. 
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Fig.  13  u V$.  Maximum  Overpreijore,  p^  (Otfawo  Sand,  4-|nch  Shock  Tube) 

Table  6 

AVERAGE  ATTENUATION  FACTORS  (OTTAWA  SAND) 


Gouge 

location 

Pene- 

trotion 

(ft) 

AAaxImum  air  prejsure  at  upjtreom  end  (p»i) 

5td.  error 
of  mean 
(psi) 

!  Percent- 

I 

oge 

of  meon 

22.4 

35.7 

63.0 

72.1 

81.1 

105.5 

119.8 

E-1 

34.0 

37.2 

39.8 

37.0 

40.2 

27.2 

27.0 

5.4 

15.6 

E-2 

62.0 

58.7 

63.7 

61.9 

61.9 

54.2 

54.9 

3.8 

6.4 

E-3 

0.63 

77.2 

76.2 

77.6 

77.2 

77.7 

75.6 

77.0 

0.8 

1.0 

E-4 

0.97 

81.7 

79.9 

84.5 

87.6 

87.9 

86.8 

85.5 

3.1 

3.7 

E-5 

1.38 

95.5 

93.8 

94.9 

93.0 

92.6 

92.9 

91.6 

1.3 

1.4 

£-6 

2.13 

93.2 

97.1 

98.1 

97.2 

97.0 

95.6 

95.6 

1.1 

1.1 

E-7 

3.13 

— 

— 

— 

99.5 

99.0 

98.1 

98.3 

— 

— 

E-8 

4.13 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

— 

— 

£-9 

5.13 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100,0 

J 

1 _ i: _ 
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Figure  15  is  a  plot  of  unit  impulse 
versus  time  for  tests  conducted  on  Ottawa 
sand.  The  data  were  obtained  by  inte¬ 
gration  of  the  pressure-time  histories  of 
the  monitor  gauges.  It  is  evident  that  the 
maximum  reflected  pressure  (overpressure) 
has  a  pronourxed  effect  on  the  unit  irr^ulse  ;; 
at  ony  given  period  of  time  following  the 
onset  of  the  shock  wave.  This  effect  of  ; 
maximum  overpressure  increases  with  time  ? 
os  indicated  by  the  increosed  separation  of  i 
the  curves  with  time,  “■ 

In  comparing  Figure  1 1  for  the  pea  - 
gravel  and  Figure  15  for  the  C^ttawa  sand, 
it  can  be  seen  that  the  curves,  for  a  given  t 
maximum  reflected  pressure,  for  the  Ottowo  ^ 
sand  lie  obove  those  for  the  pea  gravel . 

This  indicate  thot  in  the  Ottowa  sand  L^s 
air  is  being  forced  into  the  pores  of  the 
soil.  To  express  this  another  way,  the 
Ottawa  sond  provides  a  better  reflecting 
surface  for  the  shock  wave. 

This  fact  is  also  borne  out  by 

.  ‘  i''-t  rprt  ssurr  ,  pM 

Figure  12  m  which  maximum  reflected 

pressure  is  plotted  against  unit  impulse  for  Fig.  14  Pore  Air  Pressure  Vs.  Maximum  Overpressure — Penetration 
both  the  Ottawa  sand  the  pea  gravel.  The  Constant  (Ottawa  Sand,  4-Inch  Shock  Tubel 

Ottowa  sond  curves  always  lie  to  the  right  of 

those  for  the  peo  gravel.  In  addition,  the  separation  of  the  curves  increases  with  time,  as  would  be  expected. 
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Silty  Sand 

were  conducted  on  the  silty  send,  and  the  dato  are  summarized  in  Table  7.  From  Table  7  it  is  opparent  that 
no  significant  pore  air  pressures  were  ge:ierated  in  the  samples 
of  silty  sand  os  a  result  of  a  maximum  overpressure  of 
approximately  122  psi. 

As  a  result  of  the  above  it  can  be  concluded  that, 
for  the  test  conditions  previously  stated,  the  magnitude 
of  the  pore  air  pressure  generated  in  samples  of  the  silty 
send  is  negligible.  In  addition,  the  length  of  penetration 
of  the  pore  air  pressure  resulting  from  an  overpressure 
at  the  surface  of  the  ground  will  also  be  negligible. 


Table  7 


SUMAMRY  OF  PORE  AIR  PRESSURE  ON  SILTY  SAND 


Maximi>m 

overpressure 

(psi) 


Void  ratio 


Pore  oir  pressure  (psi) 
Penetration  (ft) 


0.22  0.38 


0.63 


122.5 

0.66 

0.80 

0.80 

0.20 

108.0 

0.59 

1.20 

0.76 

0.00 

122.5  j 

0.77 

0.80 

1.00 

0.90 

62.0 

0.59 

i  0.49 

0.00 

0.00 

44.0  j 

0.59 

j  0.00 

0.00 

0.00 

DISCUSSION  OF  RESULTS 


The  principal  factors  which  could  possibly  effect  the  mognitude  and  attenuation  of  pore  air  pressures  in  soil  sarrples 
are  peak  overpressure,  wave  shape,  total  impulse  per  unit  area,  positive-phase  durarion,  permeability,  distance  of  pene¬ 
tration, end  degree  of  saturation.  Due  to  the  limitations  of  the  test  setup,  only  the  effects  of  peak  overpressure,  total 
impulse  per  unit  area,  and  permeability  could  be  ascertained. 

Based  on  Figures  4  and  5,  it  is  apparent  that  the  effect  of  peak  overpressure  (in  this  case,  maximum  reflected 
pressure)  is  very  pronounced  at  shallow  (sene  trot  ions.  This  is  evidenced  by  the  decreasing  distance  of  separation  of  the 
curves  with  peretratior. . 

A  comparison  between  Figures  4  and  5  gives  an  appreciation  of  the  effect  of  void  ratio  and  p>orticle  size.  The  peo 
gravel  has  a  larger  particle  size  and  void  ratio  than  the  Ottawa  sand.  This  means  that  its  resistance  to  fluid  flow  is  less, 
which  is  evident  from  its  greater  permeability  (k  =:  0,240  crrv  sec).  The  permeability  of  the  Ottowa  sand  is  approximately 
0,060  cfr/sec.  The  effect  of  the  difference  in  particle  size  and  void  ratio  is  evioenced  by  the  foct  that  it  tokes  penetration 
of  approximately  6  feet  of  pea  gravel  to  reduce  an  overpressure  of  approximately  126.1  psi  to  zero,  while  o  penetration  of 
approximotely  4  feet  of  Ottowa  sand  will  accomplish  the  same  effect. 

Figures  1 1  and  15  show  the  variation  of  unit  impulse  with  tiime  arid  overpressure.  It  is  apparent  thot  large  differences 
in  unit  impulse  occurred  with  overpressure.  However,  due  to  the  foct  thot  the  pore  oir  pressure  versus  penetration  curves 
converge  rapidly  with  penetration,  unit  impulse  muist  exert  its  maximum  effect  ot  shallow  penetrations.  It  is  also  possible 
that  unit  impulse  effects  the  distance  of  penetrotio*'  to  a  significant  degree  for  a  ^3iven  mognitude  of  overpressure.  The 
data  are  not  sufficient  to  clarify  this  point. 

The  data  hove  proved  that  pore  air  pressures  will  penetrate  large  distonces  in  oir— dry  sorls  with  coefficients  of 
permeability  greater  tfian  or  egual  to  0.060  errv  $ec .  In  addition,  for  soils  w  ith  permeobilities  equal  to  or  less  than 
9.71  X  10"^,  the  penetration  for  overpressures  up  to  126.1  psi  will  be  less  tfian  6  inches,  ond  the  mogniNde  of  the  p.  xe 
air  pressure  will  be  negligible. 

In  fully  saturotet3  soils,  the  air  ottempting  to  enter  the  voids  would  create  large  pore  water  pressures;  om.t  in 
partially  saturated  soils,  lotge  pore  oir  wid  pore  wofer  pressures  would  be  produced.  In  either  ccoe,  the  stress  sfote  ot 
the  soil  would  be  significontly  altered;  ond,  with  present  knowledge,  it  is  not  possible  to  evoluote  thot  change. 

To  conduct  tests  from  which  understanding  of  soil -structure  interoefion  phenomena  coii  be  obtoined,  it  is  necessary 
to  use  air-dry  soil  ond  to  prevent  the  air  in  the  shock  wove  from  entering  the  wil.  This  con  be  occonplished  by  plocing 
Q  membrone  over  the  soi ! . 

An  attempt  wen  mode  to  determine  the  velocity  of  propagation  of  the  shock  wove  and  the  chonge  in  velocity  as  the 
air  passed  through  the  soil  sonple.  Unfortunotely,  it  was  not  possible  to  do  this  with  th^t  desired  degree  of  (Kcurocy,  as  Is 
evidenced  by  the  foct  thot  velocities  os  low  os  250  fps  were  colculoted  for  penettoHons  of  0.38  foot.  This  velocity  wos 
determined  by  dividing  the  diitonce  between  stations  E-l  and  E-2  (0,16  foot)  by  the  difference  in  time  of  orrivol  of  the 
wove  at  these  two  stotions. 

The  velocity  of  propogotion  of  the  shock  wove  should  at  te<nt  equal  the  velocity  o*  sound  in  air  (approximotely 
IKX)  fps).  Consequently,  the  low  vclocitite^  ore  due  either  to  the  properties  of  the  soil  or  fhe  sensitivity  of  the  recotding 
system.  The  tortuosity  of  the  flow  path  irw^es  the  distonce  traversed  by  the  oir  m*.ch  greoter  than  the  distonce  between 
odjocent  gouges.  In  oddition,  the  gouges  may  not  be  sensitive  enough  to  register  tne  first  orrivol  of  the  oir  shock. 

Regardless  of  the  degree  of  occuiocy  of  tt>e  calculoted  velocities,  it  is  evide>il  thot  the  air  forced  into  the  sol 
os  o  result  of  o  shock  wave  ot  the  surfoce  will  trovei  much  slower  fh«i  the  peak  stress  wove  in  the  soil. 
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LIMITATIONS  Of  THE  TEST  SETUP 


Boundory  Effects 

Since  diameter  of  the  soil  sample  was  small,  the  effn^t  of  wall  friction  had  to  De  considered.  Undoubtedly, 
sidewall  friction  effected  the  flow  of  air  along  the  boundary  of  tne  soil  socncle.  But  since  friction  loss  resulting  from  the 
roughness  of  the  tube  wall  was  less  than  that  caused  by  the  air  flowitig  through  tne  pores  of  the  soil,  the  wall  of  the  soil- 
test  section  did  not  adversely  effect  the  flow  of  air  at  the  boundary-  between  the  soil  and  the  tube. 

Another  point  to  consider  is  the  effect  of  friction  beK  een  the  soil  and  the  woll  of  the  soil-test  section.  This 
friction  would  reduce  the  magnitude  of  the  volume  decieose  under  a  given  overpressure,  as  a  result  of  the  arching  phenomenon. 

Since  it  hos  been  proved  (in  tests  conducted  with  a  membrane  over  the  upstream  end)  that  the  magnitude  of  the  pore 
air  pressure  resulting  from  volume  change  is  negligible,  ar\y  further  decrease  in  its  mognitude  is  of  no  consequence. 

Relative  Density 

One  densi i /  state  was  used  in  the  testing  of  the  Ottawa  sand  and  the  pea  grovel  due  to  limitations  of  the  test  setup. 

It  was  impossible  to  make  a  sample  of  these  soils  in  o  medium-dense  or  loose  slate  and  still  be  certain  at  the  time  of  testing 

thot  no  significant  volume  change  had  occurred.  Testing  was  therefore  confinea  to  soil  in  the  tense  state. 

Gauge  Isolorion 

Tfie  air  gap  between  the  sensing  element  and  tf.e  screen  which  isolotes  the  gouge  from  the  soil  had  an  effect  on  the 

data.  Because  this  cfiamber  has  to  fill,  the  rise  time  to  moximum  pressure  increas  s  while  the  maximum  pressure  decreu^es. 

But  since  the  volume  involved  is  >  rail  (less  than  0.005  cu  in.),  since  there  is  a  large  number  of  piores  feeding  the  chamber, 
and  since  the  transit  time  of  the  wav*  across  the  face  of  ff-e  gauge  is  minuscule,  if  was  felt  that  the  covity  did  not 
significantly  effect  the  data  either  quantitatively  or  quolirotively  . 

CONCLUSIONS 

Based  on  the  infori-xition  reported  on  air-dr,,  uniformly  graded,  granular  soils  of  high  relative  density,  certoin 
relafionships  became  apparent.  The  nxjst  significcwit  OiC  as  follows; 

1 .  for  the  overpressure  range  tested,  soil  densitication  added  little  to  the  measured  pore  air  pressure ,  Altho<igh 
the  data  are  vjiid  only  for  dense,  gronulor  soils  over  a  relatively  small  overpressure  ronge,  it  is  felt  that  even 
for  much  higher  overpressures  ond  looser  soil  conditions  the  corftribution  of  densificotion  to  tfe  measured  pore 
oir  sressure  wOuUi  still  be  negligible. 

2.  For  all  procti-.a!  purposes,  the  rate  of  atten-yation  of  pore  air  pressure  may  oe  considered,  as  o  first  opproxi- 
mofion,  to  be  independent  of  overpressure.  The  attenuotion  foctor  is  prinnsrily  a  function  of  the  site  of  the 
pores  ond  the  depfH  ot  petiehafion ,  it-is  conclusiof’  is  supported  b,  tbe  worv  of  Crist  (5)  w»vo,  in  studying  the 
use  of  rocK  filters  as  blast  ottef  .  ofors,  foc'd  ttvof  tne  rate  of  aftenu jfio*'  of  air  pressure  witfi  distonce  o* 
penetration  is  indepe'  cenf  of  overpressu-re  for  o  side-xon  orientation  ana  d  pressure  ronge  of  30  to  100  psi . 

3.  Ifsiticll,  ,  tne  rote  of  atfei.uvftion  of  pore  oir  ,>re$$ure  is  ver,  '  i  j".  Tfds  li  couseit  b.  a  large  quantity  of  air 

beirvg  forced  i  do  be  pores  of  tbe  soi-  in  j  period  of  time.  Tne  result  is  to  increase  effectivel.  tbe 

resistof'ci*  of  ttie  soil  to  t*'e  flow  of  air,  Howe.er,  with  increased  peneirofior' ,  tbe  rale  of  flow  of  air 
decreases  os,  corresponding!, ,  ttve  resisto'-ce  to  flow  decreases.  Tt'^eretore,  the  rate  of  affemuofion  aecreoses 
'Tsorkedlv  with  penefrarion , 

nits  corx  !  jiion  Supported  b.  Reference  5  wni,.t-  discusses  t'fevsure  dtfc’  uotion  through  a  rrK-  ’liter  os  an 
increotirsg  fcx,ction  gf  flow  .e'ocit,  , 

4.  Tt’e  most  imporior.t  foctesrs  effecting  ttse  moijnih,de  o*  the  pore  air  pressure  j*  o  given!  fvoim  -n  o  m<uj  of 
soil  are  protxjr:,  pens  ovwryfessures,  s-’-oc* -ins'ut  wo.e  shope,  permpobilit, ,  ai  d  depth  of  penetrofion, 

5.  Tfie  ef'eci  cf  pea»  overpressure  vwsd  wo-.e  sfsape  i.  of  {vrime  imporfonce  at  st'dllow  depths.  As  penetro’ior^ 
increrises,  the  effect  -of  tt%ese  voriot'les  on  the  meos.-red  pore  sit  pressure  -tetreoses  rapid!,  . 

6.  In  coorrsemjrai'-ed,  -miforml,  graded  soils,  pore  oil  rofessc-res  which  result  from  overpressure  at  ground 
surf'jcs  con  be  of  signi»i<ont  magnitude.  Furthermore,  the  distarvee  of  propagation  mo,  be  oppreciob*e, 

2.  In  wcll-^roded  soils,  compof-oble  to  the  siit,  sond  tested,  t'Ott-  the  ir«gnit,xje  ond  the  dept*-  of  penetrotion 
o‘  ftse  pore  air  pressure  generofea  as  o  result  of  a  shoc»  wove  ot  gtoc-nh  surfoce  wo-.,ld  be  of  nc  conseq,>ente , 

8,  A*  the  average  porticie  m*  of  a  soil  increoses,  the  moqnit  de  of  the  pore  air  yiressufe  of  o  given  paint 

increases,  as  ^K>es  the  depth  of  penefretion.  In  other  wtjrds,  as  fh#  siin  o*  the  pores  increase,  the  mognitude 
of  the  pore  oir  pressure  ot  o  given  point  and  thp  distance  of  propagation  increase. 
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9.  Changes  in  unit  impulse,  for  a  given  overpressure,  do  not  significantly  effect  the  meosured  pore  air  pressure 
in  deep  penetrations;  in  shallow  penetrotiens,  such  changes  can  be  significant. 

!0,  The  velocity  at  which  the  pore  air  penetrates  the  ground  will  be  significantly  less  than  the  propogation  velocity 
of  the  effective  stress  wave. 


RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

Much  more  wotk  needs  to  oe  done  before  the  phenomeno  involved  in  the  propagation  of  pore  air  pressures  in  roils 
subjected  to  a  shock  wave  con  be  fully  understood.  It  Is  therefore  recommended  thot  worh  in  ine  following  areas  be  unaer- 
taken  to  determine: 

1  •  The  effect  of  long-duration  shock  waves  or,  the  propagation  and  attenuation  of  pore  air  pressures  in  soils. 

2.  The  effect  of  high  pressures  on  the  propagation  and  attenuation  of  pore  air  pressures  in  soils. 

3.  The  propagation  and  attenuation  of  pore  oir  and  pore  water  pressures  In  partially  saturated  soils. 

4.  The  effect  of  wove  shape  on  the  propogation  and  ottenootion  of  pore  oir  pressures  in  soils. 

5.  Pore  oir  pressures  at  depths  less  than  3  inches. 
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AROUND  EMBEDDED  STRUCTURAL  ELEMENTS 
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ABSTRACT 

Photoelastic  rtt  ods  hove  been  used  extensively  in  recent  years  to  determine  stress  distributions  associated  with  a 
propagating  stress  wove.  In  this  paper  a  series  of  studies  are  describ  d  which  have  been  conducted  to  determine  stresses 
in  the  free  field  of  a  two-dimensional  plu  and  the  boundaries  of  embedded  structural  elements  in  the  plate  during 
passage  of  a  shess  wove.  5oti'  plosives  and  traveling  air  shocks  were  used  to  generate  the  stress  waves.  Results  for 
circular  holes  and  rigid  circula.  inclusions  are  presented  and  compared  with  equivalent  static  stresses  based  on  the  free 
field  conditions.  Important  conclusions  are  drown  regarding  dynamic  stress  concentration  factors. 

INTRODUCTION 

The  problem  of  determining  the  state  of  stress  in  the  vicinity  of  tunnels  or  various  types  of  buried  structures  has  long 
been  a  subject  of  interest  for  civil  and  mining  engineers.  A  considerable  amount  of  analyticol  and  experimentoi  effort  has 
been  expended  to  develop  methods  and  techniques  suitable  for  making  static  stress  determinations  in  elastic  materials  around 
discontinuities  of  :.ny  shape.  Analytical  studies  based  on  the  theory  of  elasticity  and  experimental  studies  utilizing  two- 
and  three-dimensional  photoelasticity  methods  have  yielded  much  useful  informotion. 

In  recent  years  considerable  effort  has  been  directed  toward  the  design  of  underground  structures  capable  of  with¬ 
standing  the  extremely  high  pressures  generated  by  nuclear  explosions.  Since  the  loads  applied  to  the  structure  in  this 
applicotion  are  transient  rather  than  static,  the  problem  of  determining  stress  distributions  is  considerably  more  difficult. 

At  the  p  esent  time  -..liy  a  limited  amount  of  information  is  ovoilable  on  stress  wave  transmission  characteristics  in  either 
elastic  materiol'  *  soils.  Similarly,  the  effects  of  stress  waves,  in  terms  of  the  loads  they  produce  on  buried  structures, 
the  effects  of  rigidity  or  flexibility  of  the  structures  on  the  effective  loods,  and  the  overall  stress  wave  diffraction  around 
tno  boi'iidc  of  the  struclure  are  in  general  unknown. 

In  )  1  atte  f^f  study  some  of  the  fundamental  aspects  of  stress  wave  propagation  in  an  elastic  material  ond  to 
obtain  some  information  on  the  interaction  between  o  propagating  stress  wove  and  discontinuities  and  embedded  obstructions 
in  the  .'^  vve  propagating  medium.  Air  Force  Weapons  Laboratory  has  sponsored  a  series  of  experimental  laboratory  type 
programs  nt  IIT  Research  institute.  In  these  programs  dynamic  photoelasticity  ond  moire  methods  were  developed  for  making 
full  field  tronsient  stress  measurements  and  a  number  of  problems  were  solver'.  In  the  following  sections  of  this  paper  results 
from  several  of  the  more  important  studies  are  presented  and  discussed.  Included  are: 

1 .  stresses  generated  on  the  boundary  of  a  circular  hole  in  a  plate  by  an  explosive  charge  which  is  detonated 
on  the  edge  of  the  plate,  and 

2.  stresses  generated  on  the  fnu'idaries  of  a  circular  hole  and  a  rigid  circular  inclusion  in  a  plate  by  an  air 
shock  wave  moving  olong  an  edge  of  the  plate. 

The  signiflcont  features  of  the  experimental  methods  employed  for  the  study  can  be  briefly  summarized  as  follows. 
rhotoelosticity  Methods 

A  low  modulus  model  moterial  was  employed  so  thot  the  wave  propagation  velocities  were  sufficiently  low  to 
permit  photographing  of  the  associated  fringe  patterns  v/ith  a  16  mm  Fastax  camera.  This  type  of  recording  gives  a 
satisfactory  picture  of  the  overall  pottems  for  the  full  duration  of  the  loadir^.  Microflash  techniques  were  then  used  to 
obtain  large  high  quality  photographs  of  the  patterns  in  localized  regions  of  interest  at  selected  times  after  loading.  A 
coiV'entionol  diffused  light  polariscope  was  employed  for  oil  of  the  measurements. 

Moire  Methods 

TKe  moire  effect  is  an  optical  phenomenon  observed  when  two  arrays  of  lines  are  superimposed.  If  the  arrays  con¬ 
sist  of  opaque  parallel  lines  which  are  not  identical  in  spacing  nor  orientation  then  fringes  will  form  as  the  lines  of  one 
orroy  foU  oo  or  between  the  lines  of  the  other  orray.  Measurements  of  the  spacing  and  direction  of  the  fringes  gives 
suf^ciont  intonot'ion  for  determining  differences  between  the  arrays.  In  the  present  study  the  array  printed  on  the  model 
*  ScTc.-._e  Advisor," Illinois  Institute  of  Technology  Reseorch  Institute,  Chicago,  Illinois. 
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was  free  fo  deform  as  the  model  wos  loaded.  The  refcr^sr.ce  array  through  which  the  model  array  was  viewed  did  not  de¬ 
form.  Once  the  model  deformations  were  determined  from  the  moire  fringe  patterns,  the  strain  field  at  any  point  of 
interest  could  easily  be  determined. 

For  a  detailed  presentation  of  results  of  other  studies  and  for  a  complete  description  of  dynamic  photoelasticity  and 
moire  methods  the  reoder  should  consult  several  of  the  previously  published  AFSWC  reports  (1,2). 

EXPLOSIVE  STUDY 

When  a  time  dependent  load  is  applied  at  a  point  on  one  edge  of  a  semi-infinite  plate,  two  basic  waves  are  pro¬ 
duced,  namely  dilatational  waves  and  distortional  waves.  These  waves  propagate  radially  from  the  point  of  load 
application  with  velocities  C]  and  C2  respectively. 

The  dilatational  wave  is  produced  by  radial  displacements  which  occur  at  the  point  of  load  application.  The  photo¬ 
elastic  fringes  associated  with  this  wave  type  tend  to  form  circular  lines  with  the  point  of  load  application  at  the  center. 
The  distortional  wave  is  produced  by  transverse  or  circumferential  displacements.  The  photoelastic  frirtges  associated  with 
this  wove  type  form  a  very  corr^lex  pattern.  Other  waves  are  also  generated  as  the  dilatational  and  distortional  waves 
propagate  along  the  boundary  of  the  plate.  In  the  model  material  used  for  the  study,  the  distortional  wave  velocity  is 
only  52  percent  of  the  dilatational  wave  velocity.  Thus,  as  a  stress  pulse  propogates,  the  two  waves  which  were  simul¬ 
taneously  generoted  tend  to  separate.  In  the  present  work  on  explosive  with  o  short  detonation  time  was  selected  to  effect 
rapid  separation  so  that  the  influences  of  both  dilatational  and  distortional  waves  could  be  evaluated. 

The  model  used  for  this  study  was  machined  from  a  large  sheet  of  low  modulus  urethane  rubber  known  commercially 
as  Hysol  4485.  A  5/8  in.  diameter  hole  was  machined  4  in.  from  the  point  of  load  application  olong  a  rodiol  line  30® 
from  the  centerline  of  the  plate.  A  sketch  of  the  model  is  shown  in  Figure  1.  The  location  of  the  hole  was  chosen  to  give 
the  maximum  time  for  study  before  reflections  return  from  the  boundary.  The  30®  orientation  also  provided  a  symmetric 
point  in  the  same  model  where  v  iy 

free  field  stresses  could  be  ^  \ 

simultaneously  determined.  This  \ 

symmetric  point  was  for  enough  \  07 

removed  from  the  hole  so  that  any  \ 

disturbance  in  the  stress  field  — . . . ^ ;; 

produced  by  the  presence  of  the 
hole  did  not  interfere  appreciably 
with  the  free  field  stress  dis¬ 
tribution.  The  30^  orientation 
also  placed  the  hole  in  a  location 
where  the  influences  of  both  the 
dilatational  and  distortional 
waves  were  felt.  If  the  hole  were 
located  on  the  centerline  of  the 
plate,  the  distortional  wove 
influence  would  be  smaller. 

The  loading  of  the  model 
was  accomplished  by  detonating 
a  70  milligram  charge  of  lead 
azide  on  the  boundary.  A  com¬ 
plete  photoelastic  fringe  pattern 
record  was  obtained  using  a  16 
mm  Fastax  camera  operating  at 
6780  frames  per  second.  The 
first  20  photographs  of  this  record 
are  shown  in  Figure  2.  These 
were  the  frames  used  in  (he 
analysis  and  they  cover  approxi¬ 
mately  3000  microseconds.  A 
similar  series  of  Fastox  records 
were  obtained  of  the  moire  fringes 
in  the  region  of  the  free  field 
symmetric  point.  The  printed 

grid  used  in  obtaining  the  moire  Fig.  1  Sketch  of  the  Model  Showing  the  Locotion  of  the  Hole,  ond  the 

fringes  in  the  region  of  the  free  Symmetric  Free  Field  Point 
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Fig.  2  Series  of  20  consecutive  photographs  showing  a  compressive  stress  wove  prop^joting  post  on  open  hole  in  o 
lorge  sheet  of  Hysol  8705.  The  stress  wove  wos  generoted  by  detonoting  o  70  milligram  charge  of  load  oxide 
on  the  boundary.  Photographs  were  taken  with  a  Fastax  camera  ot  6780  fromes  per  second. 


field  symmetric  point.  The 
printed  grid  used  in  obtaining 
the  moire  fringes  hod  1000 
lines  per  inch.  Typical 
records  are  shown  in  Figure  3. 
The  duration  of  the  detonation 
of  the  lead  azide  charge  was 
approximately  2  microseconds. 
This  value  of  the  duration  has 
been  reported  in  the  literature 
by  Kolsky  for  charges  of 
similar  size. 

The  Fastax  records 
were  t^d  for  the  fiee  field 
determinations  and  for 
studying  the  overall  wave 
propagation  phenomena. 
Microflast  photogrophs, 
similar  to  those  shown  in 
Figure  4,  were  used  to 
c'toblish  the  fringe  order 
distribution  on  tiie  boundary 
of  the  hole. 

Ten  microflash  photo- 
grophs  were  finally  selected 
for  analysis.  These  photo¬ 
graphs  covered  the  interval 
from  750  microseconds  until 


Fig.  3  Typical  dynamic  moire  patterns  obtained  with  the  Fastax  camera  in  the 
vicinity  of  the  symmetric  free  field  point. 
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2650  microseconds  after  the  explosive 
chorge  was  detonated.  The  begin¬ 
ning  of  the  time  interval  was 
chosen  when  the  0.5  order  fringe 
reached  the  symmetric  point  in  the 
free  <teld.  This  was  also  the  time 
at  which  the  response  around  the 
hole  boundary  was  sufficiently  high 
to  allow  accurate  fringe  order 
determinations.  The  analysis  was 
conducted  at  approximately  150 
microsecond  intervals  until  the 
response  around  the  hole  became  too 
low  for  accurate  determinations. 

The  time  duration  of  the 
pulse  was  sufficiently  short  for  the 
major  portion  of  the  pulse  to  pass 
the  hole  before  reflections  returned 


lOSO  MIcroaeconds 


from  the  boundary.  Thus  the 
orHilysis  which  was  conducted 
covers  obout  80  percent  of  the 
pulse. 

The  experimentally  deter¬ 
mined  values  for  the  fringe  order  os 
a  function  of  time  at  the  symmetric 
free  field  point  are  shown  in 
Figure  5.  Similar  curves  for  the 
two  strains  <  ^  and  <  y  are  shown 
in  Figure  6,  These  dota  were  then 
used  together  with  the  material 
properties  of  the  model  materiol 
to  obtain  the  two  principal  stresses 
ond  their  directions  at  the  free  field 
point  as  shown  in  Figure  7.  The 
effect  of  rate  of  loading  on  the 
modulus  of  elosticify  of  the  urethane 
rubber  material  was  considered  in 


2650  Microaeccmda 


these  defe. mictions.  Fig.  4  Microflosh  photographs  showing  the  fringe  order  distribution  around  the 

,  ,  ,  '  * '’***®*^  *  boundory  of  the  hole  ot  vorlous  times  ofter  detonation  of  the  explosive 

hole  bourrJary  were  computed  ,  ' 

directly  from  the  isochromatic  date  ”  ’ 

sirsce  the  rodiol  component  of  the  boundary  stress  vanishes.  Typical  results  ore  shown  plotted  In  Figures  8-10.  The  free 
field  stresses  ot  the  some  instant  of  time  as  shown  at  the  center  o!  •inch  of  these  figures.  The  liochromatir  fringe  order 
at  the  symmetric  free  Held  point  as  a  function  of  time  was  shown  in  Figure  5.  It  can  be  seen  from  this  figure  that  the 
stress  wove  front  arrived  at  the  symmetric  free  field  point  approximotely  660  microseconds  after  the  explosive  charge  on 
the  boundary  was  detonated.  This  wove  front  would  be  a  dilototionol  type  wove.  Since  the  velocity  of  o  distortionol 
type  wove  is  only  52  percent  of  the  velocity  of  a  dllatationol  wove  In  the  urethone  rubber  material,  the  front  of  the 
distoftionol  wove  will  not  reach  the  symmetric  free  field  point  until  1250  microseconds  ofter  the  charge  is  detonated. 
The  stress  di:}:'U  itons  shown  in  Figures  8  and  9  therefore,  are  produced  by  a  compressive  dllatationol  wave. 


The  concessive  stresses  on  the  boundary  of  the  hole  develop  ond  reoch  a  moximum  os  the  peak  of  the  stress  wove  passes 
the  hole  (opproxlmotcly  1100  microseconds  after  the  chorge  is  detonoted).  The  tensile  stresses  which  develop  during  this 
time  interval  are  relatively  smell  on  the  edge  of  the  hole  nearest  the  point  where  the  charge  is  detonoted.  On  the 
opposite  edge  of  the  hole  the  tensile  stresses  do  not  develop  during  this  tin«  interval .  After  the  peak  of  the  stress  pulse 
passes  the  hole,  the  con^rcssive  stresses  decrease  ond  the  tensile  stresses  increose  os  shown  in  Figure  10.  After  a 
sufficient  period  of  time  the  maximum  tensile  and  compressive  stresses  have  equal  mognitudes  and  their  locations  shift 
opproximotely  45®.  This  indicates  the  presence  of  o  pure  distortionol  wave. 
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Fig,  7  TVie  two  principal  stresses  and  their  orientotion  at  the  symmetric  free  field  point  os  a 
function  of  time  after  detonation  of  the  explosive  charge. 


Fig,  8  Static  ood  dyoomic  stress  distributions  on  the  hole  boundory  900  microseconds  offer  the 
explosive  charge  was  detonated. 
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Fig.  1C  Static  ond  dyrtomic  %»T9ii  diiiribufiom  on  th*  hole  boondory  1325  micresveonds  att*i  th« 


•xpio»ivc  cKorge  wot  d«tonoted. 
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SIMILITUDE  AND  MODEL  STUDIES 


Valjes  of  the  boundary  stress  suitable  for  comparison  with  the  dynamic  distributions  were  computed  at  the 
appropriate  times  by  using  the  experimentally  measured  dynamic  free  field  stresses  and  the  static  Kirsch  solution  for  a 
circular  hole  in  an  infinite  plate.  These  "so-called"  static  distributions  are  also  shown  in  Figures  8-10,  In  these  figures 
it  can  be  seen  that  the  dynamic  compressive  stresses  are  initially  smaller  than  the  computed  static  volues.  Later  as  the 
wave  front  passed  the  hole,  the  dynamic  compressive  stress  is  opproximotely  15  percent  greater  than  the  computed  static 
value.  Much  later  the  two  values  show  excellent  agreement.  It  can  also  be  seen  in  these  figures  that  the  dynamic  tensile 
stresses  are  always  smaller  than  the  static  values. 


AIR  SHOCK  STUDY 


The  model  used  for  this  study  is  shown  in  Figure  1 1.  Both  the  open  hole  and  rigid  inclusion  cases  were  studied. 


Fig,  1 1  Sketch  of  the  model  showing  the  location  of  the  hole  or  inclusion  with 
respect  to  the  looded  edge  of  the  plote. 


The  oir  shock  looding  was  applied  to  the  top  edge  u‘  the  model  b>  meo»n  of  o  b  in.  diometer  shock  tube.  The 
shock  tube  focility  together  with  the  model,  polariscope,  and  assorted  electronic  and  pt'otogrophic  equipment  used  in  t‘  e 
study  is  shown  in  Figure  12.  The  model  was  inserted  at  o  specially  moch»fsed  section  which  «ot  locoted  oppro*imofely 
16  ft  from  the  driver  (pressure)  section  and  10  ft  trom.  the  end  of  the  tube.  A  section  through  the  tube  ot  the  "«xjel 
locoiion  i.  shown  in  Figure  13.  The  thin  rubber  diophrogm  shown  in  this  figure  wos  used  os  a  seal  to  prevent  the  oir  in 
the  tube  from  entering  the  spoces  between  the  model  and  housing.  During  operoiion  the  driver  section  of  tf<e  tube  wos 
filled  with  oir  under  pressure.  The  oir  shock  wove  wos  initioted  by  piercing  the  plostic  diaphragm  which  separated  the 
driver  section  from  the  remoining  sections  of  the  tube. 

The  pressure  pulse  applied  to  the  model  for  the  study  being  reported  wos  generoted  by  o  pressure  of  7b  psi  in  o 
2-ff  driver  section.  The  moximjm  amplitude  of  the  pulse,  which  was  occurofely  meosured  with  o  Kistlet  type  pressure 
gouge  mounted  on  the  woll  of  the  tube  ot  the  model  location,  was  14.6  psi.  The  rise  from  sero  to  peon  of  tl^e  front  of 
the  pulse  was  less  thon  1(X)  microseconds.  The  totol  length  of  the  pulse  was  approximately  i4  miHiieconds.  Typicot 
oscilloscope  records  of  the  signal  from  the  Kistler  gouge  ore  shown  in  Figure  14.  The  velocit.  of  tKe  shock  wave  was 
measured  with  o  Berkeley  counter  which  wos  storttd  and  stopped  with  signois  from  two  pressure  gauges  spoceo  4  ft  oport . 
The  shock  wove  velocity  wos  estoblished  of  1549  1  8  ft  per  second. 
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Fig.  12  P^iofogropFi  if'ow.ing  j'ock  ♦ocility,  rncxifll,  polori$cop«,  and  ouorted  electronic  ond 
photographic  egcip'n^nf  uted  in  the  study. 


Photographic  recnrdi  of  the  photoelosfic  orxj  nioire  fringe  pottemj  prod>^ced  o»  the  streu  'oove  propogoted  throcigh 
the  nKHiel  *ere  recorded  -ith  a  Fajt-a*  comeya  operating  ot  a  speed  of  appro* i motel y  7500  frames  per  second.  Twenty 
franei  from  a  pfotoelastic  fringe  p'jt’om  record  ore  shown  in  Figure  15.  To  obtain  more  detoiled  informotion  of  selected 
points  of  interest  soch  os  the  inclusion  boundary,  o  series  of  photographs  were  ogoin  token  with  o  microflor-h  unit  ond  o 
large  stv»dio  camera. 

The  ti'**  when  the  shoe*  wove  started  moving  along  Ih*  top  edge  of  the  plofe  wos  chosen  os  the  origin  of  time. 

The  e*act  time  (from  this  origin)  of  whith  the  microflosh  photogrophs  were  token  wos  occarolelji  meosored  with  o  Berkeley 
counter.  The  counter  was  storted  with  q  signal  from  o  prestur*  gouge  in  the  wolt  of  the  tube  opposite  the  edge  of  the  model 
ond  slopped  with  a  signol  from  o  photocell  oefivoted  by  the  microflosh. 

|n  this  study  the  pti’Kipol  stresses  oM  directions  along  the  verticoi  centerline  of  the  plotc  were  determined  before 
the  hole  wos  mochineo  4  in.  below  the  locxien  edge.  The  results  are  shown  jn  Figure  16.  In  this  figure  if  cor  be  seen 
thot  both  principal  stresses  ore  compressive  and  increos#  iirv«orly  with  li'ne  iriiioily  for  about  800  p.  se<  for  the 

''^•stteu  ot'O  obo  t  1 JOO  U  sec  for  the  stress.  The  principol  stress  direction  8^  remains  constent  ot  atiout  10.5 
from  the  first  800  f*  sec  ond  then  (decreases  to  CP  <»ver  the  ne**  1000  Msec  .  The  ottenuotion  of  the  mo*imum.  compressive 
stress  with  depth  is  shown  in  Figure  17. 

T.picol  results  for  the  boundary  streu  defer mifYotitvss  ore  shown  in  Figure  18-2! .  A^ain  the  dynornir  stresses  ore 
oni,  slightly  larger  thon  »h«  computed  static  sfresses  os  the  front  of  the  stress  wov»  posses  the  hoi#  or  inclusion.  At  loter 
times  dyisomic  ond  stotic  volues  show  e«celleni  agreement.  The  reK-lts  for  the  open  Koie  ore  olio  in  ogteement  with 
tht  fheoreficoi  results  of  ftoron  (jnd  Matthews  (3)  for  th#  stress  distribution  arrvund  a  cylinoricol  covity  produced  by  o 
plane  stress  wove  of  Meoviside  unit  function  distribution. 
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SIMILITUDE  AND  MODEL  STUDIES 


Fig,  21  Radicil  and  shear  stress  distributions  on  the  Intcrfoce  beUeen  the  in  iusion  and  rhe  plate 
3035  microseconds  after  the  air  shock  started  ocross  the  top  edge  of  the  pk'n. 


CONCLUSIONS 

The  results  of  this  exp?rimental  investigation  indicate  that  stotic  solutions  con  be  used  as  a  first  opproximotion  for 
computing  dynamic  stress  distributions  on  the  boundaries  of  discontinuities  in  elastic  moterials  if  the  time -dependent  free 
field  stress  distr'butions  are  known,  in  oil  of  the  cases  studied  to  dote  the  measured  dynamic  stress  has  not  exceeded  the 
computed  stress  based  on  the  appropriate  stotic  solution  and  the  measured  dynomic  free  field  stresses  by  is»re  thon  15  per¬ 
cent.  Further  study  is  needed  for  non-eiasfic  moterials  and  for  pulse  lengths  of  the  order  of  the  discontinuity  diameter . 
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AN  INVESTIGATION  OF  PANEL-ARCHING  ^FFECS 
IN  NONCOHESIVE  SOIL 

by 

W.  B.  Truesdole*  and  E.  Vey** 


INTRODUCTION 

A  buried  flexible  panel,  for  oil  stable  loading  conditions,  muir  be  in  equilibrium  under  vertical  forces .  The 
effects  of  a  surface  applied  load  must  be  transmitted  through  the  cover  soil.  Consequent  deformation  of  the  panel  must  if 
loading  is  to  be  mointained,  be  accompaniea  by  deformation  in  the  cover  soil.  If  the  effect  of  a  surface  load  on  o  soil 
strucKire  combination  is  such  that  o  non-uniform  distribution  of  sheorirtg  strains  results  within  the  soil  body,  o  non-uniform 
distribution  of  interior  stresses  will  also  exist. 

For  any  total  shearing  strain  over  the  depth  of  cover  soil,  .he  stresses  at  localized  points  ore  related  only  to 
localized  strairts.  In  consequence,  it  is  conceivable  that  the  peoh  strengths  cf  certain  points  within  the  soil  body  could 
be  exceeded  at  loads  much  less  than  would  be  predicted  by  a  coiix i derot ir n  of  overage  strains  ond  stresses  throughout  the 
soil  mass.  Thus  a  localized  failure  as  o  result  of  large  localized  stroins  may  limit  the  lood-resisting  capacity  of  rhe  soil, 
rother  than  a  general  failure  affecting  the  entire  soil  body. 

The  complexities  introduced  by  considering  stress-'Str.oin  reiotionships  within  o  soil  body  moy  be  avoided  by 
treoting  the  soil  os  a  free  body  subjected  to  specified  boundary  forces.  The  maximum  lood-resistirsg  copacity  con  be  asso¬ 
ciated  with  some  finite  total  strain  between  the  surfac  ;  r.t  the  soil  ond  its  lowe'  boundory .  The  lnterrx)l  distribution  of 
strain,  as  well  as  the  internal  variation  of  the  shearing  stresses  whicn  combine  to  furnish  total  lood  resistance  ore  not  con¬ 
sidered.  This  approach,  in  effect,  replaces  interior  sfi  .ss-strain  considerations  by  o  weighted  averaging  of  the  localized 
stresses  and  strairu  throughout  the  soil  moss.  .Vhile  this  is  i  mcjor  simplification,  if  involves  some  importont  assumptions 
os  to  the  boursdaries  of  the  failure  mass  of  sci'.  It  has  beon  ossumed  thct  the  entire  moss  of  soil  between  the  ground  sorfoce 
ond  the  buried  structure,  bounded  by  vertir.c.l  plortes  delirseoting  the  periphery  of  the  structure,  constitutes  the  incipient 
failure  moss  (1,2).  However,  there  remain  the  oossibili'ies  tha*  the  octuol  bounds  trsoy  be  influervsed  by  localized  stresses 
ond  strains  orsd  thof  failure  plones  other  t'son  those  ossumed  moy,  in  foct,  prove  criticol. 

An  additional  deviofiws  is  intrcoJuced  when  ‘he  lower  boundory  of  the  soil  moss  is  incontoct  with  o  buried  structure, 
ii^^en  surface  loc.d  is  applied  the  soil  ond  structure  deflect  os  o  unit  os  long  os  contoct  is  mointoined  of  their  interface. 

Each  moteriol  contributes  some  portion  to  totoi  soM-sfructure  resistonce.  However,  in  much  the  some  woy  that  the  totol 
shearing  resistance  of  the  soil  moss  is  r>ot  the  intcgroted  sum  of  peoL  strengths  of  Its  interior  points,  the  moximum  looo 
resistonce  of  ti  e  ron.cosite  »ui! -structure  system  ir  jy  not  necessarily  br  ti<e  su*i.  of  the  lndiv>duol  peak  resistarves. 

The  solution  of  an  exact  set  of  onolyticti  expressions  conslderirsg  all  of  these  foctors  would  be  extremely  complex 
However,  with  the  use  of  high-speed  computers  a  solution  con  be  obtained  through  iterotive,  self  correcting  appro* i mo t i oni . 

BASIC  ASSUMPTIONS 

Astumpiioni  required  »o  describe  the  soil  behcvior; 

1.  soil  stress-strol.n  relationships, 

2.  relation  of  lotrrol  orsd  vcrticol  soil  pressures,  ond 

3.  tlsfribufion  of  soil  sheorirsg  stroirn  with  depth 
Coulomb's  equotion  for  ulfimofe  fheor  resistance  is 

y  9  ton  0 

V  n 

However,  fh#  relotiorsship  of  sheorirsg  resistorKe  and  sheor  strain  up  tp  uitimote  it  not  xrsQwn.  Figure  I  shown  the  gerserol 
strcss-stroi.".  rclotionship  ossumed  for  this  problem.  The  shemi.rg  resistartce  >r*obilized  at  ony  instant  op  to  ultimate  i»  a 
function  of  sheorirsg  stroin  ond  f>oy  be  cortsputed  oi  shown, 

Acceptirsg  thot  Coulomb's  equotion  sotisfoctor  ily  describes  the  ultimate  sheorirsg  resistance  of  the  Ottawp  tonq, 
on  ossumption  is  tflH  required  to  determine  the  voloe  n*  ^  ,  the  loterof  stress  in  the  so’l,  to  be  used  in  the  equotion 


*Aisociote  ^eseorcTr  frsgineer,  Methonics  Section,  IIT  Reseorch  Irssfitufe. 
•'Morsoger,  Soil  Mechonici  Section,  IIT  Research  Institute. 
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Tig,  I  Astufn«d  5K*af  ifr«»«SffQin  Relotiomhip 

Fch  ^p^cilic  condi'ioni  o*  impeiding  loilure,  ocfive  ond  po«ivt*,  Ror*Lin«*j  rofio  relaf*t  ?K*  normol  lofC«  Of  o  point  in 
ftic  voil.  However,  opplicafion  of  RanVir»«S  rotio,  eitKei  oefive  or  posvive,  fo  tfre  boried  itrwefure  problorri  it  quite 
difficult-  f  »perimentol  *orV  te  determlrre  tKe  reloiiorabip  of  hofifontol  ond  verficol  eortb  preuuret  above  o  yielding 
\tri.c?u*e  in  o  tof>etiontes»  ioil  wo»  corvf<jcted  by  TerjtogKi  T>.  A  trep  door  locoted  at  tKe  bottom  of  a  deme  Mind  wo» 
ilowly  lowered  witfr  a  rigid  oody  motion,  holding  if  poroMel  to  if»  originol  poeition,  while  rrieaiurementt  were  rnode  of 
Ki'eiol  and  verficol  pteiiuiei  figure  «  preienti  the  rotio  of  loterol  to  verficol  pre^lote  venut  bwriol  rotio. 

If  11  leen  tho*  o  corwfant  relotiorvhip  wo»  found  between  hori  jontal  and  vertical  loil  preuurei  of  all  deptfn 
prior  »o  lowering  tf-e  'rap  door,  ond  at  diitcncei  of  over  two  ponel  width*  obove  the  itructure  when  ditplocement  occurred. 
.Vit'iin  two  pane!  w  iclthi  obove  the  itructure,  although  the  relotiomhip  w<ji  nonlinear,  the  rotio  of  horizontol  itreM  to 
'.e:tti.ol  *tfe\»  wos  aiwoyi  greotei  then  the  conitont  celotiomhip  above. 

Becouie  Tetroghi'i  ifody  did  not  include  any  inveitiootion  o*  the  effect  of  overprewure,  it  woi  decided  to  in- 
vetiigote  the  two  following  lateral  ond  verficol  «3>l  pretiure  relotion»hip»: 

1.  O  b?  ^  v’hroughouf  'he  cover  loil 

?.  <■’  K  <7  where  h  it  eifhnr  I  0  or  0.6?  ot  thown  in  Figure  3. 

h  • 

The  telecfion  pf  th,t  porriculor  geometry  wot  boted  on  obiervotiortt  of  toil  deformations  tuch  ot  tfrOwn  in  Figure 
4.  I?  con  be  teen  in  the  oreo  Over  the  portel  center-lirte  ihot  there  hot  been  o  loterol  contraction  and  verficol  eiriention 
o'  the  gridt  .  Thit  would  mote  rt  teem  quite  pottible  thet  horliontol  ttreuet  on  the  elementt  exceed  the  verficol .  The 
div'ortion  in  the  toil  gridt  occur  to  greoter  height*  above  the  ttructure  over  the  portel  center-lirte  thon  or  the  edge*. 

Bated  on  thit  obteivation  o-nd  uecuute  no  e*petimertiol  meoiurementt  of  loterol  and  vertical  ptetturet  neos  o  yielding 
ifructure't  edge  were  avo'loble  for  guidorKe,  if  wot  decided  to  reduce  the  height  above  the  ttructure  for  which  K  wot 
greoter  thon  1.0  nea<  the  ponel  edge*. 
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SOIL  STRUCTURE  INTERACTION 


The  last  required  ossumption  to  describe  the  soil  behavior  was  the  distribution  ol  soi*  shearing  strains  with  dep(h. 
Agoin  in  Figure  4,  it  con  be  seen  that  the  curvature  of  grid  lines  is  not  constant  with  depth.  This  woc.ld  indicate  that 
straining  is  rxjt  uniform  from  the  soil  surface  to  the  buried  ponel.  It  was  assumed  that  shear  strain  distribution  was  of  a  form 
suggested  by  Newmork  ond  Hall,  presented  in  Reference  2. 

-  ^  {  D  -  Z  VB 

C  -  ^max 


where 

t  -  shear  strain, 

P  -  constant, 

D  =  depth  of  burial, 

Z  =  depth  from  soil  surface  to  the  element  being  considered, 
B  •  width  of  structure 


By  varying  0  vorious  degrees  of  rsonuniformity  of  shearing  sfroin  distribution  throughout  the  coveriisg  soil  may  be  inves¬ 
tigated.  For  any  particular  value  of  0  the  strains  at  any  porticuior  height  obove  the  structure  ore  dependent  only  on 
the  structural  geometry  arsd  deformation. 


COMPUTER  PROGRAM 

The  loarjing  is  considered  to  be  uniformly  applied  over  o  lorge  enough  area  of  the  soil  surface  so  that  there  is  no 

dissipation  of  pressure  with  depth.  The  soil  moss  above  the  buried  structure  (of  infinite  length)  wos  treated  as  a  gridwork 

of  individuol  square  elements  (Figure  5).  This  somewhat  opprooches  o  reel  condition  in  that  a  soil  medium  is  composed  of 

Individual  oorticles,  however,  they  ore  rvor  in  general,  either  uniform  in  size  or  shope. 

With  o  uniform  loading  p  over  on  infinite  oreo  on  the  soil  surface,  the  ^ree-field  pressure  at  ony  depth  below  the 

surface  is  equal  to  the  surface  overpressure  plus  an  addition  of  overburden  pressure  of  >  Z.  A  first  approximation  of  the 

loading  to  be  carried  by  o  structure  roof  panel  located  ot  c  depth  D  below  the  surface  might  be  a  uniform  loading  of 

p  •  ->0.  The  deflected  shape  of  the  ponel  con  be  computed  for  this  loading, 

o 

- - 1 - - - : - , - 1—  ■  t  .  i - j — L  ,  L _ ...X 


\  .  » 


I 


I 

I  t 


Pig.  5  Anolyticol  Mooei  Geometry 

To  mointoin  loodirsg  on  the  porsel,  the  soil  elements  obove  must  follow  this  deflected  snope  (figure  6).  fn  so 
doing,  relative  motion  occurs  between  the  odjocent  soil  elements  one  hictionoi  resistonce  Is  mobilized.  This  results  in 
particle  to  porticie  transfer  of  load  around  the  structure,  ond  o  shift  in  the  distribution  of  load  tronsmitied  to  the  ponel 
fowords  the  ponel  edges.  Recorrsouting  portei  deflections  under  th^s  r>*w ,  mote  fovordble  looding  system  results  in  o 
decreose  in  the  ponel  deformotlotss,  which  results  in  corresponding  decreoses  in  the  so*l  deformofiotss.  Soil  sheorirsg 
resistorsce  then  decreases  couting  on  increase  in  ponel  loodirsg .  This  process  centirsues  until  o  conspoiiblc  solution  is 
realized  between  the  looding  transmitted  to  the  portei,  ponel  deformotioni,  ortd  the  defomsi lions  in  rise  cover  soil. 
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Fig.  6  Soil-Ponel  OeformoHon  ReloMomhtp* 

TS*  influofvc*  o>'  cnt'jmptiora  regording  ioil  b«havior  cort  b*  »»«n  in  Figurw  7  one  8.  prMcnt  »K« 

onolyficol  relofiomhip*  of  ov«rpf«Jur*  and  ponel  d«fofmofion  o  »»ryc»wre  toco*»d  ot  o  d*pth  of  boriol  o-  I  pon«i  *.id*b. 
7hf  ttructure  wqj  t«r»ct«d  »o  b*  of  •>»ty  litflie  »»iffneu  lo  ffxjt  tbe  influence  of  ofching  *oulo  b«  piKteminonf . 

TK*  rofio  of  tb#  oon«l  c*nf«<  ll?»#  d«fl*c»ion  to  ponel  wictb  i>  compoted  fo*  on  id*oli2*d  »oil  condiiion  ono  fpi 
voriop*  l*veli  of  tuifwvC  overpfe»»ofe,  Tbe  soil  •><»  caturxed  to  Oe  ; o»'«ioni«>*»  and  in  occordonc*  ».ttb  tht  o'ofCfnontioned 
otsomptiorn  itt  frictional  resistonce  of  ony  stfoin  is  determirsed  b>  ^  *{.  ^'’<1  *2'  *  I'  *  2 

wore  evoiuofod  o*f*r  sfwdy  of  trioxiol  tost  rosolh  so  tbo*  tb*  volom  se'ected  wociid  feolisticoiiy  ropresont  o  soil  condition. 
Tbe  porficolor  tests  stvtdied  (41  wore  performed  on  o  modium  dersse  Cttnwa  sond.  0-^  wos  determir»ed  from  *be  slope  of  tbe 
foilure  envelope  os  31®.  0|  wos  determined  os  26®  from  tbe  slope  o'  fb«  e*v,e>ope  o»  Mobi's  circles  plotted  for  tbe 

stress  condition  at  70  per  cent  ultimote  lood.  Tbe  sbeo'  strains  torresoon  »o  tbe  stress  conditions  ot  0*  arsd  0^  •••• 

fben  determirsed, ossurrslrsg  tfiot  tbe  trio»ial  tests  were  constant  volyr^e  tes*s  C'^n  tbe  bosis  o*  these  corrspototiorss  C  ^ 

was  evalcmted  as  0,10  in.  in.  and  it  was  decided  to  e»omine  tbe  inflaerscx"  of  voryirsg  e  |  'rom  0  01  in.  in.  to 
0.02  in.  in. 

Invfstigotion  »os  olso  tnode  of  tbe  influence  of  vorioos  degresn  of  rsorxini'ormity  o*  sbeoiirsg  stroin  distribwtion 
in  tbe  soil  rnois  by  voryirsg  0  bom  0.2  to  2-0. 

Tbe  porsel  deformotion  roti©  under  tbe  weight  ©f  tbe  ovstrbsrrden  soil  was  olmost  irsdepersdent  of  cbonges  in 
either  C  f  or  0  for  c  corttfonf  vali.*e  of  K  0.67  (Figure  7)  tbe  Csrrves  definirsg  tbe  arerprcsssrre«porsel  deformotion 
refotiorabipi  fall  witbin  o  telotively  nartow  bond  indicotirsg  fbc»  smoU  cbonges  in  the  assumptions  describing  the  soil 
stress-stfoin  reiotiambips,  or  strain  distribution  in  the  soil  moss  do  rsot  significantly  influence  the  results. 

A  change  in  the  assumed  value  of  K  (Figure  81  does  bowevet.  significontly  influence  the  results.  Also  with 
the  lotge*  value  of  K  cbonges  in  both  the  soil  sfressmtrain  reioiiomblp  ond  strain  distribution  become  guite  ingsortoni. 

For  o  given  level  of  overpressure,  the  deflection  rati©  increosei  oppro«imorely  propartiorsotely  with  c  f ,  and  in  o  ratio 
of  about  I  to  5  with  ^  . 
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CONCl'iSION 

ftascd  on  the  Rankine  Theory  ol  earth  pressures.  It  is  postulated  that  the  ratio  of  loteral  to  vertical  stress  within 
o  soil  mas,  moy  vary  from 

7 

K  -  -  -  tnn  (  45  -  0/  2  I,  the  active  case,  to 

Pv 

2 

K  -  —  tan  (  45  *  0  2  ),  the  passive  co'^e. 

,  Pv  ,  , 

The  development  of  eitner  the  full  active  of  full  passive  cose  requires  thot  certoin  conditiorrs  of  deformation  be 
realized  and  these  cases  probably  represent  f!,e  upper  ond  tower  bounds  of  the  ratio  of  lateral  to  vertical  stress. 

For  on  ongle  0  -  30®,  this  means  K  ay  be  between  1/3,  tfie  octive  ccse,  ond  3,  the  passive  case.  It  was 
seen  In  Figure  4  that  near  the  panel  center-line,  soil  grids  were  shortened  in  the  horizontal  direction  and  elongated  in 
the  .ertical  direction.  This  pattern  of  deformatio<i  would  indicate  tl.af  K  is  greater  than  I  and  could  be  oppioaching  the 
rotio  of  passive  resistance.  Terzaghi  found  experimentally  that  over  the  center-line  of  o  yielding  trap  door  that  K  wos 
greater  than  I  for  a  height  of  almost  two  trap  door  widtiis.  However,  neor  the  panel  edge  (Figure  4),  the  deformations  in 
the  soil  indicate  that  the  vertical  stresses  are  greater  than  the  horizontal  and  hence,  K  is  less  thari  I  ond  could  aoproach 
the  ratio  of  octive  resistance. 

Thus,  in  a  soil  mass  surrounding  a  deforming  structure,  the  ratio  of  laterol  to  verticol  stress  changes  from  the 
coefficient  of  earth  pressure  at  rest,  before  any  deformation  occurs,  to  a  smoHer  or  greater  voiue  between  the  limits  of 

tan^  (  45  0/  2  ) . 

The  results  presented  in  this  paper  show  that  the  K  value  selected  is  probably  the  most  significant  influence  in 
the  soil-structure  interoction  problem.  Elecouse  of  its  affect  on  the  problem  it  is  not  believed  o  corrstont  value  con  be 
assigned,  and  still  satisfactorily  predict  structural  loading  over  any  ronge  of  conditions.  Also,  because  of  the  influence 
the  K  value  hos  on  the  problem,  one  must  exercise  caution  in  accepting  the  validation  of  ony  theory  on  the  bosis  of  3 
limited  experimental  program.  From  Figure  8,  it  con  be  seen  that  reosonoble  assumptions,  os  to  soil  behovior  ond  the  K 
value,  con  be  mode  which  would  cover  a  wide  range  of  experimental  results. 

It  is  believed  thot  for  on  onoiyticol  solution  to  successfully  predict  sfructurol  loodlng  over  a  wide  ronge  of 
voryirsg  porometers,  i.e.,  parvel  stiffness,  buriol  depth,  soil  type,  etc.,  it  will  be  necessory  to  account  for  choisges  in 
K  as  the  soil  ond  structure  interoct.  Terzoghi's  results  give  some  indicotion  thot  these  chorsges  may  be  restricted  in  o 
localized  orea  near  th«  de'ormirsg  structure.  As  such,  if  is  possible  thot  on  empiiicol  relotionsnip  could  be  established 
between  sfructurol  de‘orTr*ation  orsd  K  values  ot  varioc  disf  from  the  structure. 
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ARCHING  IN  SOIL  DUE  TO  THE  DEFLECTION 
OF  A  RIGID  HORIZONTAL  STRIP 

by 

CHunduri  Chelopoti* 


SYNOPSIS 

When  one  part  of  the  iopport  of  the  soil  settles  relative  to  the  other  ports  of  the  support,  the  pressure  on  the 
deflecting  support  reduces  with  o  corresponding  increose  of  pressure  on  the  neighboring  ports^  This  transfer  of  pressure 
from  the  deflecting  part  to  the  neighboring  soil  is  known  os  the  arching  effect.  In  the  present  sfudy,  the  amount  of 
arching,  tfiat  is,  the  amoun*'  of  pressure  transferred  to  the  neighboring  soil  when  a  rigid  horizontal  support  buried  under 
a  soil  cover  of  finite  depth  deflects,  is  invastigoted.  The  surface  of  the  soil  is  subjected  to  high  overpressure.  The  soil 
is  ossumed  ideal  characterized  by  modulus  of  elasticity  E,  and  Poisson's  ratio,  Sclutions  based  on  the  equations  of 
plane  strain  are  obt. lined  in  the  form  of  infinite  series.  Since  soil  connot  be  expected  to  be  effective  in  tension,  a 
condition  is  imposed  that  the  net  pressure  on  the  deflecting  base  uannct  be  tensile.  I'  is  shown  that  orching  in  this  case 
is  a  function  of  the  parameters  b/  h,  ph/  dE,  anc  m,  where  2b  is  the  width  of  this  base,  h  is  the  depth  of  soil,  p  is  the 
pressure  on  the  base  with  no  displacement  and  d  is  the  anrcunt  of  bose  displacement. 

The  first  six  terms  of  the  infinite  series  solution  are  evoluated  using  o  digital  computer  for  a  wide  range  of 
paromefers .  Graphs  ore  presented  showing  the  pressure  distribution  on  the  base,  and  the  amount  of  otchlng  over  the 
base.  An  example  is  given  to  den-Ksnstrate  the  use  of  ‘hese  plofs. 

INTRODUCTION 

If  the  foundation  of  an  underground  structure  settles,  the  pressure  transmiltsd  to  the  structure  is  reduced  with 
the  corresponding  increase  of  pressure  in  the  neighboring  soil.  This  pher>omenon  is  known  os  orching.  Arching  due  to 
the  displacement  of  o  rigid  horizontal  strip,  or  yielding  o'  a  base,  hos  been  discussed  by  Terzhaghi  (1)  ond  formulas  for 
the  pressure  tronsmitteH  to  the  strip  or  base  are  given  based  on  o>sumed  failure  planes.  The  magnitude  of  the  displace¬ 
ment  to  produce  these  failure  planes  is  not  known,  if  the  magnitude  of  the  displacement  Is  below  a  critical  value,  the 
foilure  planes  will  not  develop  and  the  arching  tormulos  connot  be  used  effectively.  At  zero  dijpiocernenf,  the  presHire 
on  the  strip  is  equal  to  the  pressure  of  the  soil  above  the  strip  plus  ory  additional  overpressure  acting  on  the  soil.  The 
pressure  on  the  strip  decreases  as  tlie  displacement  is  increased.  It  should  be  possible  to  disp'oce  the  strip  to  a  critical 
value  such  that  all  the  pressure  acting  on  the  strip  at  no  displacement  is  transferred  to  the  neigh(>oritig  soil.  The 
objectives  of  this  study  are  to  establish  the  limits  on  the  bose  displacement,  to  find  the  amount  of  arching  and  the 
pressure  distribution  on  the  base  for  various  coses. 

W.  D.  Finn  (2)  has  treated  various  problems  deoiing  with  stresses  in  idealized  soil  medio  subjected  to  different 
types  of  boundary  conditions.  One  such  problem  deois  with  the  stresses  in  soils  due  to  the  displocement  of  a  rigid 
liorizonfai  strip,  Ttie  depth  of  the  soil  was  tat®n  as  iofinito  which  imposes  a  restriction  in  adopting  the  solution  t' 
proctica!  problems. 

The  present  study  deois  with  the  stresses  in  a  soil  field  of  finite  depth,  h,  due  to  the  displacement  of  a  rigid 
strip  of  width  2b,  The  soil  rtxass  is  assumed  to  be  a  homogeneous,  elostic,  isotropic  medium  and  is  subjected  to  high 
overpre*sures.  If  there  is  no  displacement  of  the  horizontal  strip,  the  pressure  p,  transmitted  to  the  strip  will  be  equal 
to  the  ove'^pressure,  p^,  plus  the  pressure  due  to  soil  obove  the  base,  >b,  where  7  is  tlie  density  of  the  soil.  However, 
if  tfie  strip  is  displaced  by  an  amount  d,  the  pressure  transmitted  to  it  will  be  relieved  by  an  amount  equol  to  the 
tensile  forces  induced  on  the  strip  due  to  the  displocement  d.  Assuming  that  the  principle  of  superposition  is  valid,  the 
amount  of  arching  (the  aniuunf  of  pressure  that  is  tronsfeired  to  the  neighboring  soil  or  the  reduction  of  pressure  on  the 
strip)  is  equal  to  ffte  amount  of  tensile  forces  on  the  Lose  due  to  the  displacement  d.  However,  as  the  strip  settles, 
zones  of  very  high  tensile  stresses  form  toward  the  edges  owing  to  the  discont>nuous  displacement.  Thus,  when  the  ovcr- 
pressuies  are  superimposed  on  the  tensile  forces,  there  will  still  be  residual  tensile  stresses  toward  the  edges  ot  the  base. 
Since  tile  s^>il  media  connot  be  expected  to  transmit  tensile  stresses  these  stresses  are  not  considered  to  contribute  to 
archirfg.  This  condition  is  specified  when  computing  the  amount  of  arching. 
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ANALYTICAL  DF..ELOPMENT  PROCEDURE 

Figure  1  represents  a  section  througli  the  soil  rnass  of  depth  h  and  infinite  width  subjected  to  on  overpressure  of 
Pq.  The  distance  in  the  7  direction  perpendicular  to  the  x-y  plane  con  be  considered  as  infinity.  The  width  of  the  rigid 
horizontal  strip  is  2b,  and  the  amount  of  base  deflection  is  given  by  d.  The  total  pressure  on  the  strip  with  conditions 
given  in  Case  (a)  can  be  considered  to  be  equivalent  to  the  superposition  of  Case  (b)  and  (c).  Case  {h)  represents  c  uniform 
compression  on  the  base  exerted  by  the  os'erpressure  and  soli  oExsve  the  base,  (p  -  Po  with  no  displocement  of  the 

rigid  strip. 

The  distribution  of  pressure  is  indicoted  by  12.  The  tensile  force  distribution  due  to  the  displacement  d  alone  is 
ossumed  to  be  34567  os  shown  in  Cose  (c).  The  tensiie  stresses  at  the  edge  ore  infinite  due  to  the  discorstinuity  of  displace¬ 
ment,  The  pressure  diitribufion  for  Case  (c)  can  be  assumed  to  be  given  by  the  superposition  of  Coses  (a)  ond  (c)  for  smoM 
displocer’ients  of  the  strip.  It  is  to  be  noted  that  the  tensile  stresses  due  to  the  bose  displocenient  reach  the  value  of  the 
maximum  compression  p,  at  some  critical  distance  -  x^,.,  from  the  center  of  the  base.  Beyond  this  region  the  net  press-ure 
on  the  base  is  tensile.  These  resultant  tensile  stresses  in  the  region  beyond  +  x^r,  frof-'  ^he  center  of  the  base  are  not 
considered  effective.  Thus,  the  net  compressive  force  acting  on  the  strip  is  given  by  the  area  456.  The  objectives  of  this 
study  are  to  find  the  distribution  of  tensile  forces  as  shown  in  Cose  (c)  by  34567,  to  determine  the  distonce,  +  x^c,  ot 
which  the  resultant  pressures  bwome  tensile  and  to  find  the  amount  of  arching  os  shown  In  Cose  (o)  by  14562. 

Evoluotion  of  Stress  Function 

Since  by  assumption  there  are  rx>  strains  in  the  z  direction,  the  problem,  can  be  considered  as  one  of  plane  stroin, 
and  the  appropriate  equations  of  Theory  of  Elasticity  can  be  used  (3).  The  positive  directions  of  the  stresses  Uy,  md 
r^y  ore  sfiown  in  Figure  ! ,  Since  the  surface  is  free  of  applied  pressure,  the  bogndai7  conditions  for  Case  (c)  at  y  =  h 
are  given  by: 


Fig.  1  Stress  Distribution  Across  the  Width  of  a  Rigid  Horizontal  Strip  in  on  Elastic  Medium 
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SOIL-STRUCTURE  INTERACTION 


The  frictional  resistance  at  the  base,  y  -  0,  can  be  assumed  to  prevent  any  el^'ngation  in  the  x  direction  at  that 

(3) 

''§7^  I 

2  ,,  . 


level.  Thus,  the  strain  in  Ihe  x  direction  at  y  =  0  is  T  ^  -  Ba  -  on  ~  0 

■x,y^  X  ^”y 


rhere 


a 


(4) 


and 


E  E 

The  displacement  v,  in  the  y  direction  at  the  boundory  y  =  0  is  given  by 

V  -  -d  for  -b  ^  X  ^  -^b 

=  0  for  X  <  -b  and  x  >  +b  (5) 

The  displacement  ot  the  boundary  can  be  expressed  in  Integral  form  by  using  the  Fourier  cosine  integral: 

v(x)  =  I  f 
Jo 

Thus,  the  displacement  at  y  =  0  as  defined  by  Equatian  (5)  can  be  obtoined  as 


■* 

COS  orx  do  /  v(a)  cos  a\  dX 


(6) 


v(x) 


_  ^  sin  orb 

~  ~  ^  Jo  a 


cos  ax  da 


Where  a  and  X  ore  variables  of  integration. 

The  displacement,  v,  can  be  expressed  in  terms  of  stroins Cy  in  the  y  direction  os 


and 


■y  c)y 

V 


—  =  Pff  -  pa 


y  X 

J Cydy  +  g(x) 

To  solve  for  the  various  stresses  in  the  media,  svith  the  given  boundary  conditions,  Airy's  stress  function  (2)  in  the 
following  form  is  assumed: 


(8) 

(9) 


00 

j3  -J  ^A  e°'^+  +  C  j  co$o<x  dx 


(10) 


where  A,  B,  C,  D  are  constants. 

It  can  be  shown  that  the  above  stress  function  0,  satisfies  the  biharmonic  equation 


4 

V 


-t 


2 


+ 


0 


The  stresses  in  the  media  are  related  to  the  stress  function  by 


the  following  relations. 


a 

X 


a 

y 


xy 


(11) 


(12) 


The  constants  A,  B,  C,  and  D  are  found  by  using  the  boundory  conditions  (1),  (2),  (3),  and  (7)  as  specified  above.  The 
function  g(x)  in  Equation  9  can  be  shown  to  be  zero  ofter  appropriate  substitutions  and  integrations  using  the  conditions 
that  V  =  0  for  h-*  00,  The  relations  for  the  constants  A,  B,  C,  and  D  are  as  follows: 
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A 

B  = 

C  =  D 


[  C  (-2«h  -  1)  +  D  (-2a^h^)  ] 

[  2C  +  D  (2«h  -  1)  ] 

’’  ^  (-2ocV44oth-2)/3  I  - 


-2ah 


(2oih-3)(J  +(2ah  + 


-  ff 


fl 


(13) 

(M) 

(15) 


D  =  -?^ 
n 


[ 1 

1  (2ah  -  3)0  +  (2ah+  1)^  j 

(  -0.^  _ 

[.^.h  1 

[  -30^  -2  0|O  +j9^  } 

+e 


-2ah 


sin  at  b 


(16) 


Substitution  of  the  expressions  for  A,  B,  C,  and  D  in  Equation  10  ond  subsequent  simplification  will  result  in  an  expression 
for  the  stress  function.  The  stresses  anywhere  in  the  medium  can  be  found  by  using  Equation  12.  However,  since  the  O* 
stresses  over  the  base  are  of  main  interest,  only  they  are  evaluated  in  the  next  section.  ^ 

Evoluotion  of  Stress  Due  to  Displacement,  d 

Tf;r  expression  for  the  stress  er^  is  obtained  by  substituting  stress  function  in  Equation  12  ond  is  given  below: 
,<x(y-4h)  f  3 

^^o.(y-2h)  j.  ^2  j2p(.h2+hy)+2^(-h^+hy)|+  «  1  p(-4h  +  3y)  -  yp}.2/9  ] 

+e*<"y  "  [  (X  {  2p(h^  -  hy)  +  (h^  -  by) }  +  oc  {  ^(-4h  +  3y)  -  yf>\*20  ] 

C  ^  \  +  _Py\  +2^1 


cr 

y 


CO 


+e 


+e"^®^[ot^  |-4pV-83>0h^-4p^h^  I  +  1  -  10^^+ 4^^  -  2^^f  ] 


+(-30^  -  20^  + 


sin  boi  cos  xadoc 


(17) 


This  expression  for  CTy  can  be  specialized  to  obtain  the  pressure  distribution  ocross  the  horizontal  strip  by  inte¬ 
grating  and  then  substituting  y  =  0  In  the  final  results.  However,  with  some  core,  y  =  0  con  be  substituted  in  some  terms  of 
the  numerator  of  the  integrand  before  performing  the  integration  and  the  following  integral  is  obtoined  for  CT  along 
y  =  0.  y*® 


7/0 

where 


=  -2^3 


/[ 


-4ah  ^  -2ah 
e  -t  4ahe 

-4och  ^  -20rh 
e  +0 


-OSy 


(C,  4<X^h^  +  C2)+  1 


2  sin  bo(  cos  xoi  doC 


(18) 


-g-.:2^f. 


-30^-2^/> 

-\0P‘ 


z£ 


-30- 


£ 

n 


■t40p  -2p^  1 

-iPf-f  J 

*/>^] 
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C^dE  =  -2^3 


TTE(-3A^-2^p  +/>^) 


Cj,  C2,  ond  C4  ore  dimensionless  constonts  ond  C3  hos  the  units  of  pounds  per  inch. 

The  integration  of  the  expression  given  by  Equation  18  is  ochieved  by  expanding  the  denominotor  into  series.  The 
resulting  expression  is  shown  below. 


‘^y.o  =  4aV+C2)  +  e‘^'’ 


4o<^h^  +  C2)^  -2  (Cj  4otV  +C^  +  e 


-lOoch 


[(C,  4o<V+C2)^-2( 

[...]+...  j  j 


[  (C,  40t2h^  +  C2)^  -1  ] 

p].e-8“'’[(C,40.2, 


,  4o<^h^  +  C2)^  -3  (C,  4<3t^h^  +  +1 


-4o(h  .  ,  -2orh 

e  +  40ihe  -  e 


X  {  2  sin  bot  cos  xoc  >  doc 


cr  .  =  cr<’)  .  0^2)  ^  ^(3)  ^  ^(4)  ^  ^(5)  ^  ^(6)  ^  ^  ^  ^ 

y,0  YiO  X/O  y»0  XrO  Xr®  Xr®  X»® 


=  C^dE 

(HI 

-4«h  ^ 

e  +  4ahe 

=  -C^dE 

[c,  4cx2h^+  C 

J 

=  C^dE 
• 

'0 

f  -4o»h 

(' 

[(C,  4aV-tC 

=  -C^dE 

/■"-6«h 

[(Cj  4a.V  +  C 

•/ 

L 

Cj  4cx2h2  +  C2  J  [  e  +  4othe  -  e  [  2  sin  boc  cos  xotj  dcx 

^(Cj  4a^h^  +  €2)^  “ij  ^  +  4a he  ■■  e  ^  2  sin  bet  cos  xaj  da 


^2sinboc.  cos  xccj  dcx. 

=  C^dE  j  e'®“^  [  (C,  4a2h2  +  C2)'‘  -  3(C,  4a2h2  +  C2)^  +  ij  ^  e"'*“^  +  4«he"^“^  -  e"“^j 


2  sin  bCk  cos  xal  do, 


r [  (C,  4aV  +  C2)^  -  4(c,  4a2h2  +  +  3(C,  4a2h2  +  C2)] 

r  •♦•  4Q>he  ^  2  sin  bot  cos  xct  j  doi  ^2] 

In  the  present  study  the  first  six  terms  of  the  infinite  series  ore  cc  's’dered  adequate  to  represert  ^y,o‘  The 
expressions  forcr^'^o  ore  evoluated  individually  and  then  y  is  set  to  zero.  In  the  expression  for  O"'  ^  if  the  volue  of  : 
for  y  is  sobstituted^in  the  integrond,  the  improper  integral 


sin  boL  cos  xoi  Jes 
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does  not  exist  (4).  However  with  the  term  e  ^  in  the  integrand,  the  value  of  the  integral  is  given  by 


2  sin  bot  cos  xot 


I  /-jr  b+x  b-x  1 

dcx  =  -C.dE  -s - =■+  “5 - 5 

y^+(b-xrj 


ond  the  limiting  value  os  y  0  is  given  by 


...  The  finol  expressions  for  ^’y  jo  obtained  after  the  evaluation  of  the  integrals  in  Equation  21 .  These  expressions 

for  cr'  ^  ore  non-dimensionalized  by  (d/h)  E  to  give  S.'s. 
y,o  /  y  /  /  o  , 

Thus  (i) 

^i  <23) 

It  con  be  noted  that  d/h  indicates  the  uniform  strain  in  the  media  if  the  l>ase  extends  to  infinity,  and  (d/h)  E  represents 
the  corresponding  uniform  stress  in  the  media.  The  follow!r>g  notations  ore  used  while  expressing  S.’s. 


A  (i)  (J) 


B  (i)  (4) 


A  (i)  2  (J)  =  I  + 


‘  [ir<'‘E>]' 

-  ['>  n  «iV 


equations  are; 


B  (i)  2  (J)  =  1  + 


The  last  two  notations  are  used  only  in  the  denominotors  of  the  expressions  for  S.’s  and  i  >  j  ~  1  •  The  resulting 


AH  Bll 
A222  B222 


(2)  r 

^-c  I^c  --L  ^ 

~  ^4  ^^1  27 


A61  -  A63  3»B61  -  B63 
A623  B623 


iLi  I 

2)  '  I  All  B11|J 

1  ,  ,  rA41  -  A43  .  B41  -  B43  1 

■J  'i-s  [-  a424 


,  r  3‘A21  -  A23  .  3-B21  -  B23 
I  A253  B223 

_i  [  .05 r 

6  [  A621  B62lJ  [ 


A41  B41 

A422  B422 


A2I  ,  B21 
A22I  B2?l 
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I  0.0117188  ^  — 


+  C1C2 


0.0117188 

+  0.1646091 

-  0.375 

0.03125 

>  0.1481481 

-0.25 


A81  -  10‘A83+  A85^  5^81  -  10 


A825 


10*B83+  885  1 
8825  J 


A61  -  20«A63  +  6*^^  6*861  -  20 


[- 


0*863  +  6-865 
8626 


A626 


A41  -  10*A43  +  5;;B41  -  10* 843  +  845 


A425 


8425 


r  3-A81  -  A83  .  3*881  -  883  1 

L  A823  8823  J 

r 4-A61  -  4-A63  .  4*861  -  4*863  1 
[_  A624  8624  J 

r  3*A4I  -  A43  .  3*841  -  843  1  ( 

I  A423  8153  J  1 


+  (C2  -l)j  0.125 


0.25 


r_^  JB81I  [2: 

[_A821  8821  J  +  A 

r  A41  .  841  I  I 


I  -0.004608  — 


A61  2*861 

A622  8622 


A101  -  35-A103  +  21*A105  -  A107 


0.0769043 


+  0.1646091 


A 1027 

7*8101  -  35*8103  +  21*8105  -  8IO7' 
81027 

8*A81  -  56*A83  +  56*A85  -  8*A87 
A828 

8*881  -  56*883  +  56*885  -  8*887 

1528 

A61  -  35*A63  +  21-A65  -  A67 


A627 

7*861  -  35*863  +  21*865  -  867 


8627 


I  -0.01152  — 


]  I 


+  C,  C2  {  -0.01152 


-  0.0878906 
+  0.1481482 


A101  -  10*A103+  A105  .  5*8101  -  10 

8^25 


A 1625 


r  6*A81  -  20*A83  +  6»A85  ^  6*881  -  20 


A826 


A61  -  10*A63  +  5;B61  -  10 


*8103+  8105  1 

^25  J 

*883  +  6*8851 
§56  J 


+  (3C,C2-2C,)  -0.008 


A625 


3*A101  -  A103  ^  3*8101  -  BIM 


10*863  +  865 
8625 


A 1023 


81023 


] 


. .  r  4*A81  -4-A83  .  4.881  -4*883  ' 

-  0.0234375  ^ ^ 


+  0.0370370 


*A61  -  A63  .  3*861  -  863 

■aS33 — ^  8^53  '■ 


(25c) 
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+  (C2  -2C2)  -0.10 


+  0. 16666*7 


r  AlOl  BlOl  1  2>A81  .  Z-BSl' 

jA1021  B1021j  A822  B822 

r  A61  8611  I 

A621  B621  ( 


C.  C 


"S  (d/h)  E  '■4  pi 


0.0020005 


>A121  -  84-A123  126-A125  -  36-A127  +  A129 

A1229 


9-B121  -  84-8123+  126*8125  -  36 


•8127+  8129 


+  0.0371589 


10*A101  -  120-A103+  252-A105-  120-A107+  10-A109 
A10210 


10*8101  -  120*8103  +  252*8105  -  120*8107 


+  10*8109 


-  0.0769043 


•A81  -  84*A83  +  126*A85  -  36*A87  +  A89 
A829 


9*881  -  84*883+  126*885  -  36 


^  3 - 
+  C,  Cj 


{ 


0051440 


*887+  889  I 


7*A121  -  35*A123  +  21  *A125  -  A127 
_  aT257 

7*8121  -  35*8123  +  21*8125  -  8127  1 


+  0.0516096 


*A101  -  56*A103  +  56*A105  -  8*A107 
A 1028 


8*8101  -  56*8103  +  56*8105  -  8 


♦8107 


0.0878906 


7*A81  -  35*A83  +  21*A85  -  A87 
A827 

7*881  -  35*883  +  21*885  -  887! 


(2Cj^-l)C^^  {  0.0046296 


+  0.02304 


-  0.0351563 


•A121  -  10*A123+  A125  5*81 
A1225 


•AlOl  -  20*A103  + 6*A105  6*8101  -  20 
A1026  BT 


(2C/-3)C  C2  {  0, 


0092593 


•A81  -  !J*A63+  A85  .  5*881  -  10 
A825  *  88: 


•A121  -  A123  .  3*8121  -  8123 

AT223  81253 


21  -  10*8123+  8125 
81225 

BlOl  -20*8103+6*8105 

bW*- 

10*883  +  885  1  1 

8853  f 


_ _  r4*A101  -  4.AI03  4*8101-4*81031 

"  [ - ^*1^355 - + - - J 

. .  r  3-A81  -  A83  .  3*881  -  B83I  I 

■  I - A823“  ^  ”1823“’ J  f 


•A81  -  A83  3*881  -  883 
A823  B823 
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MCj'‘-3Cj*l)  {o.(»33333  [  ^.^*0.04[ 
n  IOC  r  -^81  ^  B81  ■]  I 

[a82T^B82TJ/ 


2‘AIOI  2-BlOl 
A 1 022  Bid22i 


ond, 


a. 


(6) 


"  JS^  “  ^4 


r5 

•1 


+  C 

'-2 


(25e) 


I  -0.0009176 


165'A143  +  462-A145  -  330*A147  +  55*A149  -  AHll 


A14211 

11*6141  -  165-B143  +  462-B145-  330-B147  +  55-B149-B1411 


-  0.0183375 


[- 


614211 

A121  -  220*A123+  792*A125  -  792-A127+  220-A129  -  12*A1211 


A12212 

12*6121  -  220*6123+  792*6125  -  792*6127+  220*6129- 


+  0.0371589 


12*B121lj 


612212 

AlOl  -  165*A103  +  462*A105  -  330*A107  55-A109  -  AlOl  1 


A10211 

11*6101  -  165*6103  +  462*6105  -  330*8107+  55*6109-  61011 


.0.0024979 


610211 

A145  -  36-A147+  A149 


9*6141  -  84*6143  +  126*6145  -  36 


-  0.0300069 


I"  12^ 


*6147+614^ 


61429 

A121  -  120*A123+  252*A125  -  120*A127+  10*A129 


A1221(!) 

10*6121  -  120*6123  +  252*6125  -  120 


•6127+  10*B129j 


+  0.0516096 


612210 

AlOl  -  84*A103+  126*A105  -  36*A107+  A109 


AiS29 

9*6101  -  84*6103  +  126*6105  -  36 


c,^(5C2^-2)  I -0.0008743 


bTSt? 

A145- A147 


*6107+  6109'  I 


.  7*6141  -  35*6143  +  21*6145  -  6147 
+ - - 


-  0.0060014 


+  0.009216 


A121  -  56*A123  +  56*A125  -  8*A127 


aT225 

8*6121  -  56*6123  +  56*6125  -  8 


61228 

AlOl  -  35*A103+  21*A105  -  A107 


*B127j 


AUS7 

7*6101  -  35*8103  +  21*8105  -  6107 


Bl6i7 


']} 
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0.001428 


•A141  -  10*A143+  AMS  .  5*8141  -  10*814 
A1425  81425 


-  0.005144 


+  0.00748 


6»A121  -  20*A123  6*A125  6*8121  -  20*8123 
A1226  81226 


,  ^  2„^  3  r  5*A141  -  10*A143+  AMS  5*8141  -  10*8143+  8145] 

+  C,  (SCj  -6C2)  J  -  0.001428  - + - — - 

/*«««, i.  r  6-A121 -20*A123  +  6*A125  .  6*8121  -  20*8123  +  6*81251 
-0.005144  1^ - - + - — - J 

L - aT5B - ^ - 81(525 - j  j 

*  {  -  0.0029155  [  .j-AW  -  A'43, 3-.'4l^- .143] 

-  0.0015295  [ 

.  A  r  3*A101  -  A103  .  3*8101  -  81031  ( 

L — Ai023 — ^ — Bi'ga- "  J  j 

*  (c/-4Cj^.3Cj)  {  -  0.07142M  [  ^  -  0.0277778  [ 

4.  n  1  r  +  Bl0l1  I 

[_aT(52T  BIO21J  I  (250 


AlOl  8101  ~1  I 
aT(52T  B1021J  I 


From  these  expressions,  it  con  be  seen  that 


Sj  =  Sj  (b/h,  xA>,  >*  ) 


o 


A  digitcl  computer  program  is  written  to  evaluate  the  six  terms  of  the  series  for  several  values  of  the  parameters 
as  shown  below: 


=  0.05 

0.4 

0.8 

0.1 

0.5 

0.9 

0.2 

0.6 

1.0 

0.3 

0.7 

=  0.1 

0.25 

0.3333 

x/b  -  0  to  0.95  ot  Intervols  of  0.05 

Distribution  of  Pressure  on  the  Bose 

The  results  showing  S  venus  x/b  for  different  values  of  b/h  ond  **  are  given  In  Figures  2  through  5.  In  all  these 
coses  the  value  of  S  reaches  infinity  at  x/b  =  1.0  due  to  the  discontinuity  at  the  boundary.  For  smaller  values  of  b/h, 
the  curve  in  the  central  portion  is  flatter  than  for  larger  values  of  b/h.  For  tlie  extreme  case  of  b/h  =  1 .0  arrd  I*  =  0.5 
the  pressure  ct  the  center  of  the  bose,  that  is,  at  x/b  =  0  is  in  compression,  whereas  for  other  portions  of  the  strip  the 
stresses  are  tensile.  Comparing  the  plots  for  various  values  of  ,  it  can  be  seen  that  there  Is  little  difference  in  the  stress 
distribution  except  for  the  extreme  cases  of  b/h  =  1  .(X). 

The  intensity  of  t!ic  resultant  pressure  at  any  point  on  the  base  when  the  soil  of  depth  h  Is  subjected  to  on  over¬ 
pressure  of  Pp  '*  given  by 


Presultont  =  <  ^o  ^  V'’  "  *^,0  >  =  <  ^  “  ^,o  > 
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and  iiondim^»nsionoli?inq  by  (d/h)  t Equation  27  can  be  rewritten  as 


(p  ,  )  h  , 

resultant'  ph  , 

dE  '  ^  dE  ■ 


(28) 


The  pointed  brockets  on  the  rlaht  hand  side  of  the  equation  indicate  that  the  expression  is  equal  to  zero  for 
negative  values  of  (ph/ dE  -  S). 

Computotion  of  Arching 

The  rotio  i  which  the  resultant  pressure  becomes  negative  can  be  found  for  any  given  set  of  h,  ^ , 

and  ph,  dE  parameters.  Thus,  the  total  ier'sile  forces,  R,  ever  the  half  width  of  strip  due  to  displacement  d,  can  be 
obtained  by  integrating  six  stress  temrs  os  given  by  Equation  23,  with  respect  to  x,  evaluating  the  definite  tnlegral  from 
0  to  <^X5.|.  and  adding  the  tensile  forcer  from  to  b.  Thus,  the  amount  of  arching,  that  is,  the  totol  pressure  transferred 
to  the  iieighboring  soil,  is  given  by 


where 


Thus, 


where 


end 


t29) 


percentage  of  arching 


-  r  .'  .100 
pb 


A  + 


X 

'-X 


100 


(30) 


P 


(i) 


A.  =  A.  tb/h,  W ,  ph/dE) 


The  expressions  required  in  Equation  29  become  less  involved,  if  the  integration  is  first  performed  with  respect  to 
X  and  then  witli  respect  to  0(  starting  from  Equation  21,  The  expressions  for  Aj's  are  given  by  Equation  32.  The  following 
notations  are  used  in  Equation  32, 


C  (i)  (J) 


J 


D  (i)  (J) 

C  (i)  2  (J) 

D  (i)  2  U) 


(31) 


Where  i  ^  j  and  ihe  last  fv.o  notations  are  used  only  in  the  denominators  except  when  used  with  logarithms, 
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"^4  r 
1^. 


1  .  C421  )  1  ) 

2  D421  ^  j  ■  C221  "  D22I 


^4  r,  ^ 

I^L  '  * 


ojiinn 


0.05 


r-i.c 


I  1 

DM  i 
J 


1 


(32a) 


L 


r 


C62  - 1  +  D62 

C622  “  D622  J 

-!  +  3  C42  -I  +  3  D42 


C42i 


D423 


I.O 


L  C222  ■  D222  j 


1  1 


.  r  '  n  ^  .  ^621 

2  j  -  -5  log  .  ^^21  ■  D421 


r 

L 


0.5  log 


C22! 

D221 


(32b) 


r  c  3  { 

(-)  (^)  I  ’  ® 


r  . 


0.0234375  , 


-I  -t-  6  C82  -  C&4  _  -)  4-  6  D82  -  D84l 


L 


C824 


D824 


J 


+  0.1975309 

-  0.375 

0,125 

+  0.2962963 

-  0.50 


r  -1  -t-  10  C62  -  5  C64  -1  *^10  D62  -  5  DMJ 


L 


C625 


D625 


-1  +  6  C42  -  C44  -1  +  6  D42  -  D44l  \ 

C424  ~  D424  j  J 


-1+C82  -1  +  D82 

C822  "  D822  _ 

-1  +  3  C62  -1  +  3  D62 
C623  "  D623 

-1  +  C42  -1  +  D42 

C422  ■  D422 


+  (C,^-1)!  0.5  log  ^  +  0  6666667 


i  C621  D621  ' 


5  log 


J 


C421 

D421 


(32c) 


S  r  3 

n  I  S 


L 


I  -  0.00768 

-  0.0878906 

+  0.1646091 

I  -  0.0288 

-  0.140625 

+  0,2222222 


■1  +  15  C102  -  15  C104  +  C106  -1+15  D102  -  15  D104+  D106 
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A  digifal  computer  program  was  developed  to  find  the  value  of  if  the  parometers  ptv'^dE, ^  ,  and  b/h  are 

given.  The  program  initially  assumes  a  value  of  x/b  =  0,  computes  the  value  of  S  and  compares  it  with  ph/dE,  If  the  value 
of  S  is  greater  than  ph/dE,  it  indicates  that  the  net  pressure  on  the  base  is  tensile  and  an  Arching  of  100  percent  is  indicated. 
If  the  value  of  S  at  x/b  =  0  is  smaller  than  ph/dE,  then  o  certain  increment  is  given  to  x/b  and  o  new  value  of  S  (x/b,  b/h, 
A*)  is  compufed  and  is  compared  with  ph/dE*  If  the  difference  befween  these  two  is  less  than  or  equal  to  10  that  value  of 
x/h  is  taken  as  x^-p/b.  If  the  difference  is  greater  than  10"^,  the  program  assumes  another  value  of  x/b  and  the  process  is 
repeated  until  the  value  of  x^r/b  is  reached.  For  values  of  x/b  approaching  1,  the  computer  takes  a  very  long  time  to  iterate 
and  find  the  value  of  x^p/b.  In  cases  where  the  number  of  iterations  exceed  more  thon  100,  the  computer  prints  out  'Viumber 
of  iterotions  more  than  100  to  find  x^/  end  proceeds  with  the  next  problem.  After  the  value  of  x^j/b  is  computed,  the 
expression  for  A/s  are  evaluated  and  the  percentage  of  Arching  is  computed  using  Equation  30,  For  any  problem,  the  value 
of  b/h,^,  ph/dE,  Xg^b,  Al,  A2,  A3,  A4,  A5,  A6,  A  and  Arching  are  printed.  The  following  values  are  used  for  the 
parameter  ph/dE  and  the  range  is  considered  adequate. 


ph/dE  =  ,01  ,1 

,0125  .125 

.015  .15 

.02  .2 

.03  .3 

.04  .4 

.05  .5 

.06  .6 

.07  .7 

.09  .9 


1 

10 

100 

1.25 

12.5 

125 

1.5 

15 

150 

2 

20 

200 

3 

30 

300 

4 

40 

400 

5 

50 

500 

6 

60 

600 

7 

70 

700 

9 

90 

900 

1000 


The  value  of  x  ^/b  is  zero  when  the  arching  is  100  percent  and  at  zero  percent  arching  the  value  of  is  very 

nearly  one.  Figures  6  through  9  indicate  the  variation  of  x^pA?  with  ph/6i  for  Poisson's  Rotio  equal  to  0,1,  0.25,  0.3333 
and  0.5. 

Figures  10  through  13  indicate  the  percentage  of  arching  versos  the  parometer  ph/dE  for  different  values  of  b/h 
ond  Poisson's  ratio,/*  .  For  each  value  of  b/h,  the  percentoge  of  arching  decreases  with  increasing  values  of  ply  dE. 

Comparir^g  the  plots  of  arching  venus  pK/dE  ond  versus  ph/dE  for  different  values  of  Poisson's  ratio,  it  con 
be  seen  that  the  effect  of  Poisson's  ratio  can  be  neglected  over  a  wide  range  of  pK/dE  for  small  values  of  b/h. 
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Fig.  13  Arching  Doe  »o  Deflection  of  the  Bo*e  for  fJ, 
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lllustrotive  Example 

It  is  desired  to  find  the  amount  of  arching  when  a  horizontal  rigid  strip  of  24  feet  wide,  buried  under  17  feet  of 
soil  cover  undergoes  a  ,ield  displacement  of  2  inches.  The  soil  is  subjected  to  on  overpressure  of  100  psi.  The  modulus 
of  elasticity  of  the  soil,  E,  is  10,000  psi,  Poisson's  ratio,  is  0,25  and  the  density  of  soil,  y  ,  is  1 10  pcf.  Thus, 


b 

-  12  feet 

h 

=  17  feet 

b/h 

0.706 

Po 

-  100  psi 

V 

- 

P 

- 

-  1 1  3  psi 

no  pcf 
(144) 


yield  parameter  0'^HI7)(12)  ^ 

yieia  poromerer,  C)  (10000) 


It  can  be  found  from  the  plots  in  Figure  7,  that  the  volue  of  b  is  0,77,  and  that  the  amount  of  arching  is 
52  percent  for  b/h  =  0,706,  and  ph/ dE  -  1.15.  The  distribution  of  pressure  on  the  base  can  be  obtoined  from  Figure  3. 
At  \''b  -  0,  the  pressure,  p,  at  no  yield  disploc -ment  is  reduced  by  q  '  20.6  psi  where  is  ootained  from 

S  =  h/dE  =  0,21 .  Thus  the  net  pressure  on  the  base  at  \t5  =  0  is  1 13  -  20.6  =  92.4  psi  ond  reduces  to  zero  at  o  dis¬ 
tance  +  0,77  X  12  -  +  9.24'  from  the  center  of  the  base.  Experimental  data  to  determine  the  validity  of  the  theory  are 
not  available  at  this  time.  However,  these  results  were  compared  with  some  unpublished  dota  obtained  by  U.S.  Army 
Engineer  Waterways  Experiment  Station  for  a  very  similar  case  and  the  trends  for  the  amount  of  arching  are  similar  to 
those  given  here. 


CONCLUSIONS 

The  analysis  indicotes  that  arching  for  the  case  considered  here  varies  from  100  percent  to  zero  percent,  depenaing 
upon  the  three  parameters,  b/h,  pK/dE,  and ,  However,  for  practicul  pur;'oses  the  effect  of  Poisson's  ratio,. s4  ,  con  bt 
neglected  over  a  wide  range  of  parameters.  An  illustrative  example  is  given  to  demonstrote  the  use  of  these  plots. 
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ATTENUATION  OF  STRESSES  FOR  BURIED  CYLINDERS 

by 

Jerome  Q.  Burns*  and  Ralph  M.  Richard** 


SYNOPSIS 

An  analysis  is  presented  for  the  interaction  of  an  elastic  circular  cylindrical  shell  embedded  in  an  elastic  medium 
which  is  loaded  by  a  surface  overpressure,  Non-dimensionalized  equations  are  presented  for  the  interaction  loads  between 
the  shell  and  the  medium;  for  the  thrusts,  moments,  and  displacements  in  the  shell;  and  for  the  stresses  and  displacements 
throughout  the  medium.  The  manner  in  which  the  circumferential  extensional  stiffness  of  the  shell,  the  circumferential 
bending  stiffness  of  the  shell,  and  the  shec;  load  transfer  betwec  j  the  shell  and  the  medium  influence  the  interaction 
problem  is  clearly  indicated.  The  analysis  is  made  through  the  use  of  extensional  shell  theory  for  the  shell  and  Michell's 
formulation  of  Airy's  stress  function  for  the  medium.  The  equations  for  the  medium  reduce  to  the  free  cavity  case  if  the 
shell  stiffnesses  become  zero,  and  reduce  to  the  rigid  inclusion  case  if  the  shell  stiffnesses  become  infinite. 

INTRODUCTION 

It  is  the  authors'  belief  that  a  thorough  understanding  of  the  distribution  of  stresses  around  an  elastic  cylinder 
embedded  in  an  elastic  medium  will  be  a  helpful,  indeed  necessory,  step  toward  understonding  the  actual  soil-culvert  case 
which  involves  an  inelastic  medium.  Therefore,  an  analysis  has  been  made  for  the  interaction  of  on  elastic  circular 
cylindrical  shell  in  an  elastic  medium  which  is  loaded  by  a  surface  overpressure  as  shown  in  Figure  1.  The  analysis  is 
applicable  to  deeply  buried  conduits  since  the  loaded  surface  is  assumed  at  infinity  in  the  derivation.  The  practical  depth 
of  burial  for  which  this  theory  may  be  used  is  determined  by  noting  where  the  resulting  stress  and  displacement  distribution 
in  the  medium  becomes  essentially  the  free-field  distribution.  The  depth  is  roughly  one  or  tv/o  diameters  depending  upon 
the  properties  of  the  shell  relative  to  the  medium.  The  results  of  this  analysis  are  for  overpressure  only  and  ore  to  be 
superimposed  on  those  conditions  existing  prior  to  the  application  of  the  overpressure. 

The  overpressure  effects  considered  in  this  paper  are  the  interaction  loads  between  the  shell  and  the  medium,  the 
circumferential  thrust  and  moment  in  the  shell,  the  displacement  of  the  shell  relative  to  its  axis,  and  the  stresses  and  dis-* 
placements  throughout  the  medium.  The  analysis  indicates  how  the  following  three  governing  parameters  influence  the 
effects  listed  above: 

1 .  The  circumferential  extensional  flexibility  of  the  shell  relative  to  the  medium. 

2.  The  circumferential  bending  flexibility  of  the  shell  relative  to  the  medium, 

3.  The  tangential  slippage  of  the  shell  relative  to  the  medium  at  the  shell-medium  interface;  that  is,  the 
tangential  shear  load  transfer  between  the  shell  and  the  medium. 

The  analysis  is  general  in  that  it  is  applicable  to  conduits  ranging  from  "rigid  conduits"  to  "flexible  conduits"  which  ore 
embedded  in  any  linearly  elastic  medium. 


DEFINITIONS 


The  elastic  medium  parameters  may  be  the  elasticity  constants,  say,  the  modulus  of  elasticity,  E*,  and  Poisson's 
ratio,  H”,  or  alternatively,  the  elastic  soil  constants,  the  constrained  modulus,  M*,  ond  the  laterol  stress  ratio,  K.  These 
parameters  are  related  by  the  following  equations: 


M* 


and 
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I 

It  i$  cotiv'enient  to  define  fv<o  ne/.  constonts  related  »o  ffie  loterol  stress  ratio;  that  i^, 


B 


(1  4  K) 


and 


c  -  ^(1  -K)  = 

The  shell  parameters  are  the  mean  radius  of  the  conduit,  R,  the  circumferential  extensiona!  stiffness  per  unit  length,  EA, 
and  the  circumferential  bending  stiffness  per  unit  length,  El.  It  should  be  noted  that  these  stiffnesses  must  be  taken  as 
plane  strain  stiffnesses.  For  example,  in  the  case  of  a  conduit  of  uniform  thickness,  t,  the  circumferential  bending  stiffness 
(D  as  used  in  shell  theory)  is  (E/(l  -  /d.^)  )  (t^/12),  and,  correspondingly,  the  circumferential  extensional  stiffness  is 
Et/(1 


P 


Fig.  1  Overpressure  Problem  and  Free-Field  Stress  State 
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son  STRUCTURE  INTERACTION 


Qch  eniertt  rK>n-dimeniional  shcll-rr>edium  infercctlor  f>orometer^  ore  defined  oj  fK*  exiensio^ial  fle^itilir^  ratio, 
UF,  *here: 


UF 


2B 


M*R 

EA 


=  (W  K) 


M*R 

EA 


and  the  bending  flexibility  ratio,  VF,  where: 


VF 


(1  -K) 


M*R^ 

6Ei 


UF  is  an  index  to  the  relative  flexibility  of  the  shell  and  the  medium  under  uniform  interaction  loads.  VF  is  an  Index  to  the 
relative  flexibility  of  the  shell  and  the  medium  under  vorying  radial  and  tangential  interaction  loads. 

MATHEMATICAL  FORMULATION 

The  conduit  and  the  medium  are  analyzed  as  a  structural  system.  The  determination  of  the  stresses  and  deformations 
throughout  this  system  gives  the  conduit  thrusts,  moments,  and  displacements,  and  the  medium  stresses  and  displacements; 
hence,  the  interaction  loads  and  the  arching  phenomena  are  evaluated. 

The  problem  is  solved  using  Michell's  stress  function  (1)  for  the  medium. 


2  2  2 

0  =  a  logr  +  br+cr  logr+dr  0+a'6 
o  o  o  o  o 


3-1 

+  r  0  sin  0+  (b^r  +  a'^r  +  b^r  log  r)  cos  0 

3-1 

-  r  0  cos  0+  (d^r  +  c'^r  +  d^r  log  r)  sin  0 

to 

E,  n  L  ,  -n  , ,  -rH-2,  „ 

(a  r  +  b  r  +  a  r  +  b  r  )  cos  n  0 
n  n  n  n 


n=2 


n  n 


09 

E,  n  ,  n+2  ,  -n  „  -rH-2.  .  * 

(c  r  -r  d  r  -t-  c'  r  -t  d'  r  )  sin  n  0 
n  n  n  n 


n=2 


and  extensional  shell  theory  for  the  conduit.  The 
.-lotation  for  the  shell  and  the  medium  are  given  in 
Figure  2.  Note  that  the  sign  convention  is  completely 
reversed  from  that  usually  used  in  elasticity,  so  thot  the 
pressure  may  be  considered  positive  in  order  to  be  con¬ 
sistent  with  the  sign  convention  normally  used  in  soil 
mechanics. 

For  the  planar  problem,  the  equilibrium 
equations  for  circular  cylindrical  shells  (2)  reduce  to, 

R^  ^  -  T  r2 

''dO  d0  ■  ’'i«^ 


^  +RN  =  PR^ 


Fig.  2  Nototion 
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^rc'^  ■-'^  e’3..(>'-itt_''«  •-JT  -  .r:  :  -» 


-1C.  '<►  r, , 


^  ‘  T-'/V* 

The  displacement  equations  for  circufar  cylindrical  shells  (2)  reduce  to. 


2  2 
d  V  dw  _  R _ 

^2^  d9  “  ■  rOEA 


dv  ^  El 

35’“  TTa 


0  w  d  w 
— ^  ^  +  w 

de^  de^ 


EA 


from  which,  with  the  addition  of  an  additional  extensionolity  term,  the  equations  for  radial  and  tangential  displacement 
become. 


dw  -  d  w 

“4^2-5 

dO  d6 


+  w 


L 


V 


1  dM 

IS  3cr 


The  stresses  and  displacements  in  the  medium  are  expressed  in  terms  of  the  stress  function  constants  by  the  use  of 
the  plone  strain  elasticity  relations.  That  is, 


<r 

r 


cr 

0 


rO 


I  r  V  af ' 


u  -  C  u  -  M)  o;  -  ]  dr 

V  =  /rc^de-/  «de  =  C(i-M)  A*;  ]  rde- /udO 

Certain  of  the  unknown  constants  ore  evaluated  using  the  free->fieid  stress  conditions  at  innnl^/: 

=  BP  -  CP  cos  29 
r 

=  BP  ♦  CP  cos  29 

T^  =  CP  sin  29 

r9 
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T^us,  the  stress  function  constants  b  and  ore  deternsined  to  be: 

0  i 


b 

o 


I 


a 


2 


C 

2P 


n 


i 


Enforcing  the  conditions  of  symmetry  and  pariodicity,  oil  the  rest  of  the  constants  except  Oq,  Op,  and  bp  ore  found  to  be 

zero.  Using  the  volue  of  the  medium  stresses  at  the  loci  of  the  shell  (r  =  R)  as  the  loads  on  the  shell,  the  deflection  of 

the  shell  may  be  evaluated  in  terms  of  the  remaining  unknown  stress  function  constants. 

For  the  no  slippage  case,  in  which  there  is  continuity  of  the  radial  and  tangential  displacements  of  the  shell  and 

the  medium,  the  conditions  for  evaluating  the  remaining  unknown  constants  are  the  equality  of  the  radial  and  tangential 

displacements  of  the  shell  and  the  medium  at  the  interface.  Using  these  compatibility  conditions,  the  stress^function 

constants  a*  and  b'  are  found  to  be  zero  for  n  greater  than  2.  Additionally,  a  ,  a' ,  and  b'  are  found  to  be  as  follows: 
n  n  '  o  2  2 


a 

o 


-BP  \ 

1  UF  +  B/C  M  °o  ^ 

CP 

i  C(1  -  UF)VF  -  (C/B)UF  +  2B 

2 

1  (1  +  B)VF  +  C(VF  +  1/B)UF  +  2(1  +  C) 

-CP 

(  (B  +  CUF)VF  -  2B 

\  (1  +  b)vF  +  C(VF  +  ]/B)UF  +  2(1  +  C) 

R 


4 


R 


2 


For  the  final  equations,  instead  of  using  these  corutants  directly,  it  is  convenient  to  use  the  brocketed  factors  in  the 
above  expressions.  These  ore  either  unity,  in  the  case  of  the  first  two,  or  the  starred  constants,  in  the  cose  of  the  last 
three.  That  is: 


«  _  VI  I 

°o  ■  UF  +  B/C 

*  C(1  -  UF)VF  -  (C/B)UF  -t-  2B 

°2  ■  (1  +  B)VF  +  C^fF  +  i/b)UF  +  ?(l  +  C) 

.  *  (B>  CUF)VF-2B _ 

2  "  (1  +  B)VF  +  C(VF  +  1/B)UF  +  2(1  +  C) 


Thus,  for  any  shell^medium  combination  specified  by  the  five  parameters,  M*,  K,  R,  EA  and  El,  the  non- 
dimensionalizad  parameten,  B,  C,  UF  and  VF,  may  be  found  from  which  the  non-dimensionolized  constants,  a*,  a^  and 
b*,  may  be  determined.  The  results  for  the  no  slippoge  cose  moy  then  be  expressed  in  terms  of  these  constants. 

The  stresses  in  the  medium  are: 


'  [ 

.  1  -  o;  (K/r)^] 

-  C  [  1  -  3o*  (R/r)^  -  4o|  (R/r)^  j  cos  20  ) 

•[ 

■  W  o‘  (R/r)^] 

4  C  [  1  -  3o*  (R/r)^]  cos  20  } 

1  >  3o*  (R/r)^ 

♦  2b*  (R/r)^  J  sin  20  } 

The  radial  ond  tongential  interoction  loads  ore  obtoined  by  setting  r  =  R  in  the  above  expressions  for  the  rodiol 
ond  tongential  medium  stresses.  Hence: 

p,  .  p{ 

l-oJ-C 

[  1  -3oJ-4b*]  cos  20  ( 

1  -t  3o*  ♦  2b* 

j  sin  20  } 
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A  A%: 


3iVt  I';:  '■,  I-  f-  f> 


/V  2  / 


2  r  4  2 

i  *  (B  C.ic*  (R.  f)  -  !  1  ‘  a*  (R  f!  ‘  (2  B)b!  (K.  i)  i  cos  29 
1.  o  J  L  2  2  j 


Pr  1  ^  4  2  1  / 

V  5  i  -  a-  (Hr)  *  (2C  B)b^  (K'r;  J  si..  20  j 

The  shell  displacements  may  be  obtained  by  setting  r  -  R  in  the  above  expression  for  medium  displacements.  Hence: 


2  1  .  I 
J  “  i 


w  =  ^  5  j  [  I  ♦  (e/c)o*  ]  -  [  I  *  oj  *  j 


Through  the  use  of  identities,  the  important  radial  displacement  may  be  written 

PR  1  L r ,  w.  r  ,  .  . 


“  °  ^  5  1'^''  ■''''[  I  -  “2  -  2I>5  ]  29 

which  has  coefficients  similar  to  those  in  the  circumferential  thrust  and  moment  equations, 

N  =  PR  j  B  [  '  -  a*  j  +  C  [  1  +  a*  j  cos  20  j 

w  [i-<.5-2>5]=os2e| 

The  results  given  above  for  the  no  slippage  case  may  be  non-dimensionolized  by  dividing  each  equation  through 
by  its  first  term. 

The  full  slippage  case  is  treated  similarly  except  thot  in  evaluating  the  three  constants  a^,  02  and  bij,  the  stress 
condition  of  zero  shear  stress  at  the  interface  must  be  used  instead  of  the  compotibility  condition  of  zero  relative  tangential 
displacement.  For  this  case,  flie  constants  are: 


(UF  +  e/t) 

(2VF  -  1  +  3/ 

(2VF  -  Ij 

1 

(2VF  -  i  +  i 

u**  - 

^2  ■  (2VF  -  i  +  ys) 

Thus,  for  any  shell**medium  combination  specified  by  the  five  parameten,  M*,  K,  R,  EA,  wsd  El,  the  non- 
dimensionalized  porameters,  B,  C,  UF,  and  VF,  may  be  found  from  which  the  non-dimensionolizeo  constants,  o*,  a|^*, 
ond  b^*,  moy  be  determined.  The  results  for  the  full  slippage  case  may  then  be  expressed  in  terms  of  these  constonts. 
The  stresses  in  the  medium  are; 

»  =  P  j  B  [  '  -  a*  -  C  [  I  ♦  305*  (R,  r)^  -  4b*‘  (H'r)^  ]  ^  [ 

T^^  -  P  j  C  r  I  -  3a**  (H'r)^  ♦  2b**  (R/r)^  ]  sin  29  j 
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radial  inrijraf tior^  lood  -yj,  £)♦•  ob-aif>^a  ie*finy  r  tt  .n  >Cc  '□tx?'’'**  ^Qf  •'C'diO* 

tangeriflcl  'nteracf tood  is,  c'  ccKjrse,  zero.  H«r>ce 


P  P  8 


!  -  Q* 


-C 


1^1  •  3a;‘  -  4to**j  cos  2g 


The  displocemenfs  In  fhe  rr.edium  are: 


Pr  1  r 

"  -77  2  L  '  ‘ 


(B/C)  o‘  (R/>) 
o 


■j  -  [l  -  a**  (R/r)'*  *  (2/B)b“  (R/r)^J 


cos  20 


Pr_  ]_ 
M  2 


I  -  o**  (R/r)"*  *  (2C/  B)b**  (R/r)^ 


- 

stn 


20 


I 


The  shell  radial  displacement  may  be  obtained  by  setting  r  =  R  in  the  above  expression  for  medium  radial  dis¬ 
placement,  but  the  tangential  displacement  must  be  obtained  directly.  Thus: 

_  PR  I 

'^“77  2 

^PR  ]_ 

M  6 

Through  the  use  of  identities,  the  important  radial  displacement  moy  be  reduced  to, 

PR  I 


[^1-0**  r(?/B)b**j  cos  20 

IvF  *  (C/2B)Ufl  [ 

1  +  3o;*  -  4b!*  sin  20 

L  J  L 

2  2  J 

M  2 


Upri-a*]  -ivF  Fl  +  ao;*  -4b:*l  cos  20 

L  oj  3  L  2  2  _ 


which  has  coefficients  similor  to  those  in  the  circumferential  tfirust  ond  moment  equations,  which  ore: 

N  -  PR  j  B  j^l  -  o*  j  *  ^  1^1  «  30”  -  4b"  j  CO.  20  | 

As  before,  the  results  for  the  full  slippage  cose  moy  olso  be  non-dimensionolized  by  dividing  eoch  equotion 
through  by  its  first  term. 


RESULTS 

The  results  given  by  these  equations  moy  perhaps  be  best  understood  grophicolly  os  shown  in  Figure  3  through 
Figure  8.  These  grophs  ore  shown  with  radiol  distorKe  os  the  obscissos  plotted  to  the  scole  of  the  conduit  olong  properly 
oriented  rodii.  The  stresses  ond  displocements  ore  plotted  rsors^iimensionolly  os  ordinotes,  thereby  clearly  irsdicoting  the 
spotiol  ottenuofion.  Volues  ore  given  of  the  interfoce  ond  of  distances  of  one-holf  diometer,  one  diometer,  ond  two 
diameters  from  the  interface. 

The  interaction  loads  ore  given  by  the  values  of  the  rodio!  ond  tarsgentiol  stresses  of  the  interfoce.  Lood  mogni- 
ficotion  is  indicoted  by  on  increose  in  the  strsnses  ot  the  interface  obove  the  correspcndirsg  free>field  stresses;  conversely  , 
load  reduction  is  indicoted  by  o  decrease  in  the  interface  stresses  below  the  corresponding  free-field  streues.  Averoge 
load  mognificotion  or  reArction  is  indicated  by  the  uniform  rodiol  stress  volues  which  are  plotted  ot  o  45  degree  ongle;  it 
is  also  indicated  by  the  first  term  of  the  circumferentiol  thrust,  N,  Rodiol  lood  mognificotion  or  reduction  ot  the  tap  and 
si^  of  the  culvert  is  irsdicoted,  respectively,  by  the  verticol  ond  horizontal  rodiol  stress  grophs. 

SImilorly,  the  horizontal  circumferentiol  stress  grophs  ond  the  maximum  volue  of  circumferential  thrust  ore 
indicotive  of  the  orching  phertomerso.  It  is  this  orchirsg  which  governs  the  lood  thot  the  corsdult  experieiKes  relotive  to 
the  load  thot  the  medium,  which  the  conduit  is  replacing,  would  experierKe  in  the  free>fieid  state.  The  arching  is  coiled 
positive  if  It  transfers  some  of  the  lood  oround  the  corsduit,  thereby  resulting  in  a  reduced  lood  on  the  coriduit.  Conversely, 
the  orching  is  colled  negotive  if  it  tronsfen  odditionol  lood  to  the  corsduit,  thereby  resuitirsg  in  on  increased  iood  on  the 
con^it.  Positive  arching  is  indicoted  by  on  increose  in  the  circumferential  stress  in  the  vicinity  of  the  corsduit  obove  the 
free-field  strew  state  ond  o  coaesponding  decrease  In  the  moxlmum  thnist,  N,  below  the  volue  of  the  free-field  verticol 
strew  multiplied  by  the  conduit  rodius,  i.e. ,  PR.  Conversely,  negotive  orching  is  irsdicoted  by  o  decrease  in  the  ciresrm- 
ferentiol  strew  in  the  vicinity  of  the  corsduit  below  the  free-field  stress  state,  orsd  a  corresporsdltsg  increase  in  the  moximum 
thrust,  N,  obove  the  volue  PR. 


384 


M.  1  000283  PR* 

N<(0  968  t  0  283)  PR 
.(0  785^-^l.25l)  PR 


CONDUIT  displacements 
AND  AT  TCNUATiON  OF 
displacements  in  medium 

■  •l/t.  vr*lOO.  MO  tLlMMOt 


Fig .  3  and  Oitplocomontt 


Fig.  4  Stresses  and  Displacements 


Fig .  5  Stresses  and  Displocements 
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CONDUIT  LOADS  AND 
ATTENUATION  OF 
STRESSES  IN  MEDIUM 
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CONDUIT  DISPLACEMENTS 
AND  ATTENUATION  OF 
DISPLACEMENTS  IN  MEDIUM 

UF*O.I,  VF*3,  NO  SUFFAU 


Fig .  7  StresMt  and  OIiplac«m«nL( 
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Fig .  8  Stresses  and  Displacements 


ANALYTICAL  AND  EXPERIMENTAL  STUDIES,  I 


To  facilitate  understanding  the  interaction  problem,  comparisons  are  presented  wherein  each  of  the  non-dimensional 
flexibility  parameters  are  varied  independently.  For  the  case  UF  =  0.1,  VF  =  100  and  no  slippage,  it  may  be  seen  from 
Figure  3  that  there  is  an  average  load  magnification  (‘^p/P  =  .97  ot  the  interface  compared  to  the  free-field  stress  condition 
^p/P  =  .75)  with  a  load  reduction  at  the  top  (.69  compared  to  1 .00)  ond  load  magnification  at  the  side  (1 .24  compared  to 
.50).  Correspondingly,  negative  arching  is  indicated  by  the  circumferential  stress  distribution  in  the  vicinity  of  the  conduit 
being  less  than  the  free-field  condition,  and  the  maximum  thrust  occurring  at  the  sides  of  the  conduit  being  greater  than 
PR,(N  -  1.251  PR). 

By  varying  the  extensional  flexibility  to  UF  =  2  while  holding  VF  =  100,  it  may  be  seen  from  Figure  5,  that  load 
reduction  and  positive  arching  is  ocftieved.  It  should  be  noted  that  varying  the  extensional  flexibility  affects  the  interaction 
loads  and  circumferential  thrust  considerably,  but  affects  the  circumferential  moment  only  slightly. 

By  varying  the  bending  flexibility  to  VF  =  3  while  holding  UF  =  0.1,  it  moy  be  seen  from  Figure  7  that  the  circum¬ 
ferential  moment  is  increased  substantially  whereas  there  is  only  a  slight  increase  in  the  circumferential  thrust  considering 
that  this  variation  corresponds  to  a  tremendous  decrease  in  the  bending  flexibility  for  which  the  conduit  ha:  actually  passed 
out  of  the  "flexible  conduit"  range.  Similarly,  increasing  the  bending  flexibility  above  VF  =  100,  while  holding  UF  -  0.1, 
will  decrease  the  moment  slightly,  but  will  cause  very  little  decrease  in  thrust  and  load  magnification.  Therefore,  once  a 
fairly  high  bending  flexibility  is  attained,  there  is  a  wide  range  of  bending  flexibilities  for  which  the  interaction  loads  and 
circumferential  thrusts  are  more  dependent  on  extensional  flexibility  than  on  bending  flexibility.  It  should  be  noted,  how¬ 
ever,  that  reduction  of  the  bending  flexibility  into  the  "rigid  conduit"  range  will  result  in  a  marked  increase  in  the  impor¬ 
tance  of  the  bending  flexibility  on  the  interaction  loads  and  thrusts  os  well  as  the  moments. 


INTERACTION  CONCEPTS 


It  is  apparent  that  the  attenuation  of  the  stresses  and  displacements  is  quite  rapid  (that  is,  the  free-field  condition 
is  essentially  reached  within  the  depth  of  a  diometer  or  two)  so  that  this  analysis  may  be  used  for  conduits  placed  fairly 
close  to  the  surface. 

This  analysis  completely  defines  the  stresses  on  orthogonal  planes  throughout  the  medium  so  that  the  principal  stress 
trajectories  and  the  maximum  shear-stress  trajectories  are  Imown,  The  shear-stress,  and  its  corresponding  normal  stress,  are 
known  along  these  maximum  shear-stress  trajectories.  Hence,  if  the  medium  is  a  soil  with  some  assumed  M*  and  K  values, 
it  may  be  determined  whether  or  not  slippage  occurs  in  the  soil  medium.  If  slippage  does  not  occur  in  the  medium,  the 
solution  is  valid  and  the  arching  follows  the  principal  stress  trajectories.  If  slippage  does  occur  in  the  medium,  insight  is 
obtained  as  to  where  the  slip  rones  occur,  and  rational  assumptions  con  be  mode  os  to  how  the  arches  form. 

An  improved  analysis  may  then  be  made  on  the  basis  of  these  assumed  arches  and  slip  zones.  For  instance,  since 
slippage  is  a  relaxation  of  constraints,  the  arches  will  tend  to  flatten  thereby  transferring  more  lood  to  or  oway  from  the 
conduit — depending,  respectively,  on  whether  the  continuous  case  caused  load  reduction  or  load  magnification.  Thus, 
even  though  this  elastic  analysis  may  not  be  the  final  solution,  it  provides  a  basis  for  more  rational  approaches  than  simply 
assuming  vertical  slip  planes  of  uncertain  height. 

The  effects  af  the  relative  flexibilities  are  clearly  indicated.  The  advantages  of  a  "flexible  conduit"  with  a 
fairly  high  circumferential  bending  flexibility  are  indicated.  Perhaps  equally  importont,  however,  it  may  be  seen  that  if 
the  conduit  is  in  the  range  of  the  "flexible  conduit",  the  parameter  which  has  the  greatest  influence  on  the  load  magnifi¬ 
cation  or  reduction,  and  hence  the  circumferential  thrust,  is  the  circumferential  extensional  flexibility  of  the  conduit. 

For  instance,  if  the  bending  flexibility  is  sufficient  (say  VF  is  considerably  greater  than  10,  if  K  =  1/2),  a  further  increase 
in  bending  flexibility  may  not  be  very  beneficial  since  it  will  only  slightly  decrease  the  thrust  in  the  conduit  whereas  it 
may  increase  the  buckling  hazard.  However,  an  increase  in  extensional  flexibility  may  be  quite  beneficial  since  it  moy 
decrease  the  conduit  thrust  considerably.  It  must  be  kept  in  mind  that  if  buckling  is  not  critical,  increasing  the  bending 
flexibility  may  still  be  advantageous  in  order  to  decrease  the  bending  moment  even  though  the  thrust  will  not  be  decreased 
appreciably. 

For  bolted  steel  culverts,  which  are  in  the  "Flexible  conduit"  range,  the  extensional  flexibility  may  be  increased 
through  seam  yielding.  It  should  be  noted  that  seam  yielding  obviously  invalidates  the  continuous  shell  theory,  and  the 
interface  tangential  continuity  in  the  limiting  case  of  no  slippage  (there  is  no  invalidity  of  the  interface  continuity  in  the 
other  limiting  case  of  full  slippage).  However,  the  effect  of  yielding  seams  may  be  approximated,  using  this  anaivsis,  by 
extending  the  definition  of  the  extensional  flexibility,  UF,  to  include  on  average  strain  which  is  due  to  seam  yielding. 

The  justification  of  this  approximation,  as  far  as  interface  continuity  is  concerned,  is  based  on  the  fact  that  the  octuol 
soil-culvert  problem  lies  between  the  two  limiting  slippage  cases;  wherein,  sufficient  interface  slippage  capacity  is 
available  for  the  intense  localized  interface  tangential  discontinuities  caused  by  seam  yielding.  The  justification  of  this 
approximation,  as  far  as  the  discrete  degeneration  of  shell  continuity  at  the  yielding  seams  is  concerned,  is  based  on  the 
fact  that  the  culvert  is  a  "flexible  conduit"  for  which  the  overall  decrease  in  circumferential  length  of  the  conduit  is  more 
important  than  the  continuity  of  the  extensional  deformation,  provided  there  is  sufficient  moment  capacity  to  prevent 
buckling.  This  moment  capacity  requirement,  in  addition  to  the  desirable  circumferential  extensional ity.  Indicates  an 
advantage  In  designing  conduits  with  yielding  longitudinal  seams  rather  than  designing  circumferentially  continuous 
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conduits,  since  moment  capacity  may  be  maintained  in  the  case  of  yielding  along  overlapping  seams  but  not  in  the  case  of 
uniform  plastic  compression.  Therefore,  if  the  thrust  reaches  the  yield  strength  of  the  conduit,  an  increase  in  extensional 
flexibility  through  seam  slippage  may  increase  the  load  capacity;  whereas,  an  increase  in  extensional  flexibility  through 
uniform  plastic  action  is  inviting  buckling  and  may  result  in  conduit  failure. 

Extensional  flexibility  becomes  even  more  important  in  the  actual  soil-culvert  problem  where  the  passive  pressure 
build-up  at  the  conduit  sides  occurs  at  a  higher  rate  than  the  active  pressure  decrease  at  the  top;  thereby  resulting  in 
smaller  moments  and  deflections  but  higher  circumferential  thrusts  in  the  conduit  than  are  predicted  by  the  linearly  elastic 
case. 

CONCLUSION 

Equations  are  presented  in  non-dimensional  form  which  completely  describe  the  thrusts,  moments,  and  displace¬ 
ments  in  a  deeply  buried  conduit  as  well  as  the  stresses  cmd  displocements  throughout  the  surrounding  elastic  medium  due 
to  the  action  of  an  overpressure  applied  at  the  surface  of  the  medium.  The  spatial  attenuation  of  the  stresses  and  displace¬ 
ments  is  shown  to  be  quite  rapid  with  the  free-fieid  condition  being  essentially  reached  within  ab'^ut  two  diameters.  The 
separate  effects  of  circumferential  extensional  flexibility  and  circumferential  bending  flexibility  are  clearly  indicated, 
with  the  thrust  being  controlled  principally  by  the  extensioiiai  flexibility  and  the  moment  being  controlled  principaiiy  by 
the  bending  flexibility.  This  study  of  the  linearily  elastic  soil  cose  of  the  soil-culvert  system  is  a  necessary  starting  point 
and  gives  good  insight  into  the  actual  soil  problem.  A  brief  philosophical  discussion  is  included  which  mentions  some  of 
the  effects  of  an  actual  soil  and  culvert  and  indicates  methods  for  further  investigation  through  a  system  of  arches  and  slip 
zones.  The  validity  of  this  theory  and  the  resulting  slip-zone-arch  modifications  which  arise  from  it  should  be  verified 
experimentally. 
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(B  -t-  CUF)VF  -  2B  -  (C/2)UF 


and  in  the  full  slippage  tangential  shell  displacement  equation  (p,  384)  in  which  the  minor  term  (C/2B)UF  vanishes. 
All  other  equations  remain  the  same;  the  plots  ore  only  slightly  affected  since  only  the  final  UF  term,  which  is  the 


least  important  of  the  three  terms  in  the  at  and  bl  quotients,  is  altered  by  some  function  of  {C/2)  which  is  itself 
smoll  (C/2  S  1/4). 
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THE  BENEFICIAL  ACTION  OF  THE  SURROUNDING  SOIL 
ON  THE  LOAD-CARRYING  CAPACITY  OF  BURIED  TUBES 

by 

U.  Luscher*  and  K.  Hoeg** 


ABSTRACT 

This  paper  discusses  the  interaction  between  a  buried  cylindrical  tube  arKi  the  surrounding  soil  under  high  applied 
pressures.  It  proposes  a  distinct'on  of  three  types  of  beneficial  effects  of  soil  surroundirtg  on  the  strength  of  the  buried  tube, 
called  pressure  redistribution,  deformation  restraint,  and  arching.  The  nature  ofeach  of  these  three  actions  is  examined, 
and  suggestions  are  made  for  improvements  in  analysis  ond  design  of  tube-soil  systems. 

BACKGROUND 

The  amazing  load-carrying  capacity  of  buried  cylinders  has  been  recognized  for  a  long  time  and  has  been 
extensively  used  in  Civil  Engineering  practice,  predominantly  for  buried  conduits  of  all  kinds.  Recent  new  applicatiorrs 
have  been  primarily  in  protective  construction,  but  also  in  the  use  of  progressively  larger  corxiuits  with  shallow  depth  of 
cover  for  highway  crossings,  and  of  conduits  under  large  loods  from  traffic  or  high  earth  embonkments. 

Parallel  with  the  development  of  practical  applicatiorss,  the  mechonics  of  buried-tube  oction  has  been  exten¬ 
sively  studied.  Nevertheless,  instead  of  a  general  understanding  of  the  behavior,  only  practical  solutions  for  certain 
classes  of  problems  have  been  developed.  It  is  thus  not  ostonishirtg  that  extensive  new  research  hod  to  be  initioted  in 
support  of  the  new  applications. 

At  the  present  time,  new  research  is  being  performed  ot  many  loboratories  ond  on  topics  widely  vorying  within 
the  overall  subject.  Problems  of  communication  are  therefore  important.  This  paper  tries  to  contribute  to  the  coherence 
of  the  many  soil-structure  Interaction  studies  presently  underway  by  presenting  a  general  picture  of  the  mechanics  by 
which  the  surrounding  soil  enhances  the  load-carrying  ability  of  a  buried  tube.  It  is  bosed  on  on  extensive  review  of  the 
pertinent  recent  and  older  literature  plus  the  authors'  own  research  in  this  field. 

The  basic  situation  considered  is  the  two-dimensional  one  of  o  long,  circular  cylindricol  tube,  buried 
horizontally  and  loaded  either  by  the  weight  of  a  high  embankment  or  by  overpressure  applied  on  the  soil  surface  obove  it. 
(The  two  situations  are  equivalent  if  the  depth  of  burial  in  the  latter  cose  is  sufficient  that  rto  effect  of  the  free  surfoce  on 
tube  behavior  is  present.)  Only  cohesionless  dry  soils  are  specifically  corvidered;  however,  the  conclusions  opply,  in  a 
general  way,  to  any  soil.  Similarly,  the  concepts  are  developed  mainly  in  view  of  static  corsditions,  but  apply  also  to 
dynomic  loading  conditions.  However,  any  phenomena  peculiar  to  the  dynomic  situotion  (e.g.  inertio)  hove  rtot  been 
considered. 

Any  meonirtgful  analysis  of  this  situotion  must  consider  the  interaction  between  the  structure  ortd  the  surroursding 
soil,  ond  thus  must  investigote  the  lood-corrying  ability  of  the  structure-soil  system.  This  poper  suggests  on  orwtysis  of 
the  soil -structure  interaction  in  terms  of  three  types  of  composite  oction:  preuure  redistribution,  deformotion  restraint, 
and  arching.  One  con  think  of  these  beneficial  effects  os  o  counteroction,  by  mobilisotion  of  pressures  in  the  surrounding 
soil,  to  the  tendency  of  the  tube  to  deform  in  various  modes  (Figure  I):  I)  The  restraint  against  tube  deformations  in  the 
second  mode  (i.e. ,  counteracting  the  deformotion  from  the  originolly  circulor  shope  into  o  horizontal  ellipse)  by  mobil!- 
zotion  of  loterol  powive  eorth  pressures  is  colled  preuure  redistribution.  2)  The  action  ogoitwt  deformotions  in  the  third 
and  higher  modes  enhonces  the  resistance  of  the  tube  toward  buckling  foilure,  by  forcing  it  to  buckle  in  higher  modes  then 
in  the  unsupported  situotion;  this  action  is  called  deformotion  restraint.  3)  Finolty,  the  reaction  of  the  surrounding  soil 
to  tube  defoimotions  in  mode  one  (pure  compression)  or  zero  (rigid  body  motion),  by  redistribution  of  pressure  owoy  from 
or  onto  the  tube,  is  called  arching.  Depersding  on  the  relative  complionces  of  tube  ond  soil  surrounding,  orching  is  colied 
active  or  possive. 

The  degree  to  which  each  of  these  three  types  of  action  is  operating,  oitd  their  relative  in^wrtonce,  depertds 
upon  the  chorocteristies  of  the  structure-soil  system.  The  central  ling  parameters  ore  1)  the  depth  of  soil  cover  over  the 
tabe,  2)  the  relotive  compressibilities  of  the  structural  tube  and  the  sell  it  "reploces,"  3)  the  gerserai  chorocteristies  of 
the  soil  "at  large"  and  in  the  immediote  vicinity  of  the  tube  (i.e. ,  bedding),  ond  4)  the  type  ortd  distribution  of  the  leod 
imposed  on  the  system.  Further,  the  relative  importance  of  pressure  redistribution,  deformation  restraint,  ond  orchiisg 
choisges  with  the  level  of  overpreuure. 

*Attt.  Prolessor  of  tivll  Engineering,  Mosiochusetts  Institute  of  Technology,  Combridg*,  MossochuseHs. 

**Reseorch  Auhtont,  Deportment  of  Civil  Engineering,  MossochuseHs  Institute  of  Technology,  Combridge,  MossochuseHs. 
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Originoi  Circulor  Shape 
Deformed  Shope - 


Mode  Two  Mode  Four 

Fia  I  Examoles  of  Deformation  of  Tubes  Into  Modes 

Before  proceeding  any  further,  it  is  important  to  identify  the  different  woys  (hat  may  lead  to  foilure  of  the 
tube-soil  system.  The  word  failure  here  refers  to  collapse  rather  than  merely  failure  to  function  satisfactorily  under 
service  conditions.  (That  is,  effects  such  as  leakage  through  cracks  in  a  concrete  pipe,  or  deformations  which  are  ex¬ 
cessive  for  on  assigned  purpose  such  as  clearance,  ore  not  considered  as  failure.)  Failure  may  be  caused  by: 

1 .  excessive  deformation  leading  to  caving-in  of  the  crown  of  the  tube; 

2.  locol  instability,  os  for  instance  demonstratec  by  a  snap-through  buckling  due  to  locol  decrease  in 

curvoture; 

I.  formation  of  yield  hinges  due  to  excessive  bending  in  the  tube  wall,  and  collopse  occurring  when  a 
mechanism  develops; 

4.  over-all  elastic  buckling  of  the  tube  wall  (under  hoop  stresses  which  are  excessive  for  the  tube  rigidity 
and  lateral  support  provided); 

5.  yielding  in  the  woM  due  to  excessive  hooo  stresses,  resulting  in  general  crushing  unless  such  o  foilure  is 
preceded  by  inelastic  buckling  due  to  decreose  in  woll  rigidity. 

In  the  following,  the  interaction  is  discussed  in  terms  of  the  three  interoction  effects.  It  is  reollzed  that  the 
distinction  is  somewhot  ortificial  and  arbitrary,  since  the  effects  operate  simultoneously  ond  thus  undoubtedly  influence 
each  other  Nevertheless,  the  distinction  is  useful  for  clarifying  and  orgonizing  ideos 

PRESSURE  REDISTRIBUTION 

Up  to  the  present  time  no  rigorous  theoretical  approoch  hos  been  developed  to  predict  the  pressure  distribution 
around  o  tube  buried  in  soil  The  "ring-compression  theory"  currently  In  wide  use  is  bosed  on  intuition  orsd  extensive 
field  experience  It  postulates  that  the  tube-soil  system  odjusts  according  to  the  imposed  lood  so  as  to  minimize  bending 
in  the  tube  woll . 

In  generol  terms  the  bending  moment  at  any  point  olong  the  periphery  of  o  circular  rirsg  con  be  expressed  by 

M  -  o  p  r 
mox 

where  M  =  M(C)  =  bersding  moment 

o  -  c(e>  =  a  foctor  dependent  on  the  distribution  of  contoct  pressure 
p  highest  roOiol  corstoct  pressure 

r  ■  radius  of  ring 
d  -  central  angle 

For  low  loods  ond  hence  smell  deformations  of  the  tube-soil  system,  the  Interfoce  pressure  between  tube  ond  soil  is  highly 
non-uni»orm.  The  foctor  "o*  will  thus  be  relotively  high;  however,  sirKe  "p"  is  low  the  bending  moments  in  the  woll 
will  fsot  exceed  the  bending  resistance  of  even  foiriy  flexible  tubes  As  the  opplied  pressure  on  the  system  is  increased, 
the  tube-soil  system  starts  to  deform  orsd  to  odjust  occordirsg  to  the  imposed  lood;  possive  resistarKe  of  the  soil  is  groduolly 
mobilized  on  the  sides  of  the  tube,  while  simultaneously  the  rote  of  increose  in  contact  pressure  at  the  crown  decreases 
The  result  Is  that  even  though  the  overoge  pressure  “p"  hos  Increased,  the  bending  stress  in  the  well  rrsoy  hove  increosed 
very  little  or  may  corsceivobly  hove  decrcosed  becouse  the  foctor  "d*  has  been  substem  i  si ly  reduced  (see  for  exomple 
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Figure  2  takers  from  Luscher,  1964).  If  ttie  tube  is  flexible,  i.e. ,  fhin-wolled  or  ductile,  it  tr.ay  further  deform  without 
distress.  The  distribution  of  contact  pressure  will  tend  toward  one  that  minimizes  bending  in  the  deformed  tube  section. 
Thus  0  state  of  pure  hoop  compression  evolves,  which  is  the  most  efficient  way  to  carry  the  load. 


Tube:  4-in.  diameter,  0.035-in, 
wall  thickness,  aluminum 

Soil:  dense  Ottawa  sand 

Cover:  1/2  in. 


There  exist  quolitotive  as  well  os  quantitative  justifications  for  such  on  interoctirsg  befiovior  between  tube  ond 
soil,  and  sotisfoctory  designs  hove  been  completed  on  this  basis  (e  g. ,  Bomord,  1957;  White,  1961).  Recent  smoll-scole 
experiments  (Luscher  ond  H^g,  1963;  Morirso,  1963)  hove  also  confirmed  the  obove  reasoning,  ond  of  the  three  types  of 
soil  oction  discussed  in  this  poper,  pressure  redistribution  has  been  counted  upon  with  most  confidersce. 

However,  the  basic  question  which  is  of  irKreosing  in^sortoiKe ,  especiolly  in  the  field  of  protective  cors- 
struction,  remairss  to  be  arowered:  What  ore  the  criteria  to  ensure  that  a  cylinder  buried  in  o  given  soil  Is  to  behove  pre- 
domirtontly  in  o  compressive  mode?  Field  «sd  laboratory  data  (Peck,  1948;  Albright,  1957;  Whitmon  et  ol,  1962;  Bulson, 
1963;  Luscher  ond  H3eg,  1963)  have  shed  light  on  the  pr^lem  orsd  design  recommersdotiom  (ASCc,  1961;  Newmork,  1962) 
hove  been  mode  on  the  bosis  of  doto  of  this  kind  ond  much  ersgineering  judgemert.  These  recommendotiom  usuoily  con¬ 
cern  the  depth  of  cover  and  the  properties  of  the  bockftll  beside  the  tube. 

As  on  exomple  of  laboratory  doto  on  the  effect  of  depth  of  bwriol,  the  outhors  (1963)  observed  in  tests  on  very 
flexible  tubes  buried  in  sond  thot  the  applied  surfoce  pressure  required  to  foil  the  tube  did  not  vorv  significontly  with 
depth  of  cover,  provided  the  cover  wot  more  then  opproe imotely  1/8  D  (0  ■  diometer  of  tube  »  I  6  irKhes)  However, 
the  mode  of  foilure  depended  greatly  on  depth  of  buriol  For  a  cover  mere  then  opproximolely  I  1/20,  the  failure  con¬ 
sisted  of  o  narrow  longitudinol  buckle  (o  type  of  failure  treated  in  the  next  section),  ond  the  tube  could  not  be  brought  to 
collopse  even  for  opplied  pressures  three  times  the  pressure  at  buckling.  Under  continued  load  only  o  groduol  widening 
of  the  creose  occurred.  Tubes  buried  with  o  cover  lest  then  opprox imoiety  V4D  foiled  by  sudden  orsd  complete  coHopse 
with  coving-in  nf  the  crown.  A  depth  of  cover  between  V40  oitd  I  I/2D  provided  on  intermediote  condition  of  protection 
ogoinst  collapse.  From  o  structurol  point  of  view,  the  ductile  behavior  observed  for  the  tubes  buried  below  I  L^O  is 
highly  dnsiroble. 

If  the  conditions  of  burial  rteeded  to  develop  the  copocity  of  o  cylittder  in  the  compression  mode  ore  not  soth- 
fied,  "premoture"  failures  moy  toke  ploce  in  the  form  of  excessive  deformotions  leoding  to  coviisg-in.  or  loco!  instobilities 
due  to  decreosed  curvoture,  or  yield  hinges  leoding  to  on  unstable  mechonism  The  exoct  corsditions,  however,  ore  not 
kisown  os  yet.  Current  reseorch  ot  M  I.T  alms  at  providing  clearer  understonding  of  the  influence  of  conditions  of 
buriol  ond  flexibility  of  the  tube  on  the  distribution  ond  mognitude  of  contoct  pressure. 
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DEFORMATION  RESTRAINT 


Deformation  restraint  wos  defined  in  the  introduction  os  the  prevention  of  third-  ond  higher-mode  deformations 
of  the  tube.  It  leads  to  a  dramatic  increase  of  the  buckling  resistance  in  comparison  to  the  unsupported  situation  This 
is  anologous  to  the  irKrease  in  buckling  load  of  a  column  which  has  lateral  elastic  support  (Timoshenko  and  Gere,  1961). 

Thus  this  effect  is  intuitively  understandable  and  has  been  extensively  relied  upon  in  buried-tube  construction 
practice  (see  "ring-comprcssion  theory"),  but  until  recently  the  problem  hod  not  been  accessible  to  onolyticol  treatment. 
The  importont  question  is  whether  this  action  con  always  be  depended  upon  to  prevent  buckling  failure  and  thus  to  allow 
use  of  the  yield  stress  of  the  construction  material  for  design,  or  whether  conceivably  a  high-mode  buckling  failure  may 
occur.  Recent  experimental  and  theoretical  research  by  the  authors  (1963)  showed  the  following: 

Bucklirtg  of  on  elastically  supported  tube  is  controlled  by  the  equation 

(  ‘ 


=  2 


where  p*  is  the  uniform,  radiol  tube  bucklirtg  pressure,  El  ond  r  ore  the  flexurol  rigidity  and  the  radius  of  the  tube,  and 
k  is  a  "modulus  of  soil  reaction"  relating  the  local  soil  pressure  counteractirsg  buckling  to  the  strain  ^r/r.  Meyerhof 
(j^63)  presents  an  almost  identicol  equation 

To  predict  p*  for  a  given  situation,  k  hos  to  be  determined.  For  o  circular  symmetric  soil  surroundirtg  (Figure 
3b),  chosen  iw  eiimirtate  the  effect  of  pressure  distribution  and  for  simple  mothemotical  treotment,  k  bock-colculoted 
from  the  experimental  failure  data  was  shown  to  be  equivalent  to  the  resistonce  of  the  soil  ring  to  unVorm,  outward  octirsg 
pressure  in  the  cavity.  Thus  k  was  depersdent  on  the  ring  thickrsess  and  the  "elastic"  soil  properties;  see  Figure  4.  Since 
these  properties  ore  not  constonts  in  a  soil,  but  depend  on  the  stress  pottem,  k  is  affected  not  only  by  the  pressure  p* 
itself,  but  also  by  the  orchiitg  condition  in  the  soil  ring.  Only  for  those  combiratiorss  of  soil  and  tube  for  which  the 
arching  effect  is  negligible  con  the  modulus  k  be  expreued  os  o  furKtion  of  p*  alone,  then  the  equation  solved  for  p*. 

An  equation  of  this  kind  was  obtained  for  the  Ottowo  sand  surrounding  used  in  the  study; 

5/6 


p‘  =  700 


El  F 


where  F  equals  k  /I  os  plotted  in  Figure  4  The  application  of  this  equotion  to  the  foilure  conditons  of  smooth-wolled 
tubes  of  different  mo\erials  ossumed  surrounded  by  the  some  soil  leods  to  the  curves  of  Figure  5  The  figure  demonstrates 
thot  the  foilure  stress  is  controlled  by  buckling  curves  similor  in  noture  to  column  buckling  curves,  olso  limited  by  the 
yield  stress  of  the  moteriol  More  specificolly,  the  figure  indicotes,  for  vorious  moteriols,  the  eriticol  rodius-to-thickneis 
rotios  at  which  the  foilure  modechorsges  from  eompreuive  yield  to  buck|ir«g 

These  restroining  effects  ore  more  importont  thon  pressure  redistribution  or  orching  in  mony  situotions  of  thin- 
wolted  tubes  surrounded  by  competent  soil  Recogniting  this,  the  outhors  compered  directly  results  from  buried  tube 
tesh  (Luscher  ond  HSeg,  1963  ;  Bulson,  1962)  with  theoreticol  predictions  boied  on  the  obove  theory;  see  Figure  6.  While 
os  expected,  on  occount  of  the  neglected  effects,  the  doHt  do  not  conform  perfectly  to  the  thsrary,  the  ebeerved  ogreement 
it  still  encouroging  It  indicotes  thot  this  onolysH  represents  o  theoreticol  toehold  on  the  problem,  ond  might  well  leod 
to  o  rigorous  solution  eventuoUy,  provided  it  proves  poetibie  to  consider  in  it  the  effects  of  pressure  redistribution  ond  of 
wching  for  the  generol  cose  of  o  buri*d  tube 


ARCHING 

At  on  indicotion  of  the  recognised  significonce  ^  orching,  the  rotio  between  opplied  overpressure  ond  pressure 
octing  on  the  tube  may,  occotdi'>g  to  experimentol  evidence  oisd  protective  design  recommendotion  (Newmork,  1962),  be 
os  tow  os  0  I  under  conditions  fovorobie  for  oetive  (positive)  etching.  Considtrs^le  evperimentol  orsd  theoreticol  effort 
hos  been  expended  to  invettigpte  the  arching  phenomeno  in  soil,  e  g  by  Lone  (1957).  W^edermonn  (1961),  \M«itman  et  oi 
(1962),  Ang  ond  NewmoA  (1963).  Von  Horn  orsd  Tener  (1963),  Allgoed  et  oi  (1963^,  orsd  Moton  (1^53).  However  ,  owii^ 
to  the  difficulty  of  the  problem,  little  botic  informotton  hot  been  added  to  the  stole  ol  knowledge  summarised  by 
Tersoghi  (1943)  some  20  yeon  ogo  The  simplest  of  the  orching  theories  considers  the  vertical  equilibrium  of  the  soil  men 
between  ouumed  verticol  sliding  surfoces  extending  up  from  the  structure  (Figure  7)  The  mognitsrde  of  contoct  preoure 
ogoinst  ony  buried  strsiciure  is  ot  present  predicted  on  the  bosh  of  ihh  some  appnaoch  with  smne  eleborotion  (Newmork, 
1962)  This  section  discusses  orsd  eveluatos  some  of  the  ossumptions  involved  in  o  veriitol-sliding-surloce  onolysis  orsd 
suggests  o  somewhot  differerst  way  of  lodiing  ol  the  orching  phenomenon. 

Tht  mam  uncertointy  in  the  onolysis  dHcribed  above  is  the  mognilude  of  the  totenol  prmure  octli^  normol 
to  the  sliding  surfoces  In  the  expression  for  the  ptedictedprottwre  at  ony  depth  (tee  Figure  7).  the  term  involving  the 
overpronure  it  very  sensitive  to  the  coefflciertt  of  letorol  pressure  K  Tertogjhi  stoles  thot  the  factor  K  appearing  in  the 
onolyth  is  on  emphicol  coefficient 
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(o)  Hollow  Soil  Cylinder  (b)  Soil  -  Surrounded  Tube 


(c)  Burled  Tube 

3  Vorioui  Soil  V  Soil»Tub*  Confi^urotiom 

Howvvtr,  meat  <ny«tfiootert  team  to  oulon  valuai  el  K  (e  g  Ntwmork,  1962)  or  K  (a.g.  Spongier.  I960)  «rhere  K 
ii  the  oc*tve  pretwre  oHrlReienf ,  TKe  reotor^ing  behirS  tbe  ottumption  ol  Mch  voiuSt  6oe«  not  leem  to  reliect  tKe  Oc/»Oft 
toking  piece  irt  tbe  ittvcfureto'l  tystem  In  TertogKi't  clouicol  enperimenh  (Tertogbi,  1936),  tKe  value  of  Koricontal 
to  verticol  preiaure  increoted  wStK  keigKt  obove  tKe  trap  door  from  I  to  I  6  ond  tKert  decreoted  towordi  K  ot  o  Kelgbt  of 
obowt2  S  time*  tKe  widtK  of  tKe  tropdoor.  Ang  ortd  Newmori  (1963)  pre*ent  retult*  from  trop  door  test*  ^formed  witK 
woodert  teotKpicki  o*  “toil"  moteriol.  By  oppiying  tKe  tl  o!ng>*wrfece  onolyiU  to  tKeir  doto,  tKe  overoge  volue  ^  K 
Over  tKe  deptK  wot  beckligured  to  be  I  S  Similorly,  dor^  from  tKe  buried  dome  tett*  by  WKittnor^  et  ol  (1962)  <«*dtcote 
o  volwe  of  1-2. 

TKe  verticol-*iiding*tu«foce  onolyait  doe*  no.  toke  into  occownt  the  geometric  cortfigurotion  of  o  buried  stiucture, 
oltKougK  tome  invotigoter*  Hove  ivgse«t*d  tKot  tKe  iKope  moy  hove  on  influertce  on  tKe  mognitude  of  orcKing  (Wdiitmon 
et  ol,  1962;  Ne«»»>ork,  1962)  In  WKiimon'i  tetti  o  Rot  roof  eaperiertced  oppron*molely  50%  KigKor  tptol  lood  then  o 
KemitpKericol  roof  ot  the  tome  depth  of  cover.  In  both  cote*  the  only  deflection  of  tKe  ttrwcture  took  ploce  in  the 
foundotion,  wKicK  vnM  identkol  for  both  reoH 

The  outKon  believe  tKoi  the  vertkol-*liding-*urfoce  concept  thould  be  reploced  by  iKe  concept  of  thrvtt- 
ring  oction,  i  e  .  of  itruchiral  orcKet  (or  dome*  in  o  tKree*dimemionol  cote)  forming  in  iKe  toil .  TKt*  ccrtcepflto*  been 
itote^  be^re  (Engetter.  1882;  Coguot.  1934  (ptd  I9S7)  There  eaittt  direct  evidence  tKot  toil  dor-ei  moy  form  obove 
yielding  'roof**  (Terioghi.  1936;  Jenike,  1961)  TKrutt-ring  oction  in  the  toil  around  dtoft*  and  tunnel*  Kai  been  det- 
cribed  ond  onoiyced  (Teraoghi,  1943).  ond  TicKebetorioff  {?^l>  ttote*  iKot  'tronifer  o'  prpiture  by  theer  and  orcK  .tg  ore 
rtot  tyftonymoui  ' 
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(r,-r,)/r, 


(l+v)  [l  +  (r|/r*)2  (l-2v)] 

Fig.  4  Modulus  of  Soil  Reaction  For  Elostic  Ring 


A  cicor  ....-nonstrction  of  the  thrust  ring  that  may  be  developed  hos  been  provided  by  tests  on  hollow  sand 
cylinders  and  or  •mmefricolly  sand-surrounded  tubes  (Whitman  and  Luscher,  1962).  Theoretical  ond  experimento!  findings 
indicote  that  the  capacity  of  a  soil  ring  (Figure  3a)  to  carry  externolly  applied  radial  pressure  may  be  expressed  as 


where  the  notation  is  as  shown  in  Figure  3a.  An  inferior  tube  (Figure  3b)  limits  the  deformation  of  the  soil  ring  and  thus 
the  arching.  Still,  by  increasing  the  compressibility  of  tubes  surrounded  by  sand,  the  ratio  between  the  pressure  p.  on 
the  tube  and  the  applied  pressure  p  could  be  decreased,  down  to  o  minimum  of  around  1/5  in  those  particular  tests' 
(Luscher  ond  HSeg,  1963).  ® 

Even  though  the  above  tests  investigated  on  idealized  condition  of  "burial,"  there  is  no  reason  why  the  same 
mechonism  of  pressure  transfer  as  in  a  soil  ing  or  shell  cannot  develop  in  the  generol  case  of  a  structure  surrounded  by 
soil  The  difference  between  the  action  of  the  soil  in  these  loboratory  experiments  and  in  the  field  is  one  of  degree,  not 
of  nature.  This  similarity  of  action  has  in  fact  been  demonstrated  (Luscher  and  H8eg,  1963)  by  buried  tube  tests  in  which 
the  foilure  pressures  were  very  similar  tc  the  failure  pressures  of  identicol  tubes  symmetrically  surrounded  by  sand. 

Returning  to  the  verticol-sliding-surface  concept,  it  is  seen  that  the  correct  lateral  force  to  be  used  is  the 
hofizonlol  component  of  the  thrust  in  the  soil  arch.  The  ratio  K  between  this  and  the  vertical  pressure  con,  of  course,  be 
quite  high  under  favorable  conditions.  The  exoct  amount  of  thrust  mobilization  depends  upon  the  overpressure  and  the 
curvature  ond  oliowed  rodial  d-'formation  of  the  soil  arch.  These  in  turn  depend  directly  upon  the  characteristics  of  the 
structure-soil  system  os  outlined  in  the  ^  c  tapter. 
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Fig.  5  Strength  of  Soil -Surrounded  Tubes 


SUMMARY  AND  CONCLUSIONS 

This  paper  proposes  a  distinction  of  three  beneficial  effects  of  the  surrounding  soil  on  the  load-carrying  capacity 
of  buried  tubes.  An  analysis  of  the  interaction  between  soil  and  tube  in  terms  of  the  three  effects  leads  to  the  following 
conclusions; 

The  equalization  of  pressures  all  around  the  tuba  by  "pressure  redistribution"  con  safely  be  depended  upon  if 
the  tube-soil  system  is  properly  designed  ond  constructed.  Then  failure  will  be  initiated  either  by  high-mode  bucklinq 
or  by  compressive  yielding  of  the  tube.  The  "deformation  restroint"  provided  by  the  surrounding  soil  Is  highly  effective  in 
raising  the  buckling  resistance,  but  stability  is  still  the  design  criterion  in  many  coses  of  flexible  tubes.  Use  of  o  corragoted 
instead  of  a  smooth-walled  tube  con  eliminate  buckling  in  most  of  rtiese  cases.  "Arching",  finally,  is  effective  in  rei  v"'  j 
the  fraction  of  the  applied  load  which  reaches  the  structure.  It  it  suggested  that  the  soil-arch  concept  is  more  useful  than 
the  vertical-sliding-surface  concept  in  the  treatment  of  arching. 
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Rodiut  to  ThicKness  Ratio  r/t 

Fig.  6  Comparison  of  Theory  with  Buried  Tube  Data 
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Z2  =  assumed  height  of  sliding  surfaces 


The  analysis  predicts  pressure  on  trap  door  to  be  = 


where 


C,  ^  =  soil  strength  properties 
1  »  unit  weight  of  soil 

Fig.  7.  Vertlcal-Sliding-Surface  Analysis 
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ABSTRACT 

The  first  phase  of  a  sustained  research  effort  was  conducted  to  study  the  passive  arching  phenomenon  on  buried 
structures  due  to  modulus  mismatch****  between  structure  and  surrounding  medium.  Tests  were  performed  on  buried  small- 
scale  structural  models  which  were  specially  designed  to  measure  possive  arching  stresses  independent  of  side-wall  frictiorv 
All  tests  were  static,  using  20-30  dry  Ottawa  sand  at  three  different  densities.  The  applied  overpressure  and  the  length  of 
embedment  of  the  buried  structures  were  varied  to  study  the  influence  of  these  parameters  on  soil -structure  interaction. 

INTRODUCTION 

When  the  horizontal  boundary  of  a  semi-infinite  soil  moss  is  subjected  to  a  uniform  vertical  pressure  of  infinite 
lateral  extent,  the  identical  applied  vertical  pressure  is  transmitted  to  each  point  of  the  underlying  med'um.  However,  when 
the  continuity  of  the  medium  is  interrupted  by  the  presence  of  o  buried  structure,  the  stresses  within  the  domain  of  tfie 
structure  are  no  longer  equal  to  the  free-field  stress  since  discontinuities  of  strain  occur  at  the  soil -structure  interface 
whereby  she'.ir  stresses  are  mobilized  within  the  medium. 

The  principal  concern  of  this  research  effort  is  to  develop  perception  of  the  porameters  that  influence  the  arching 
mechonism  on  buried  structures.  When  a  structure  is  buried  in  the  soil,  there  is  a  modulus  mismatch  between  the  structure 
and  the  surrounding  soil.  Consequently,  when  a  pressure  is  applied  to  the  surface  of  the  soil,  relotive  displacements  occur 
between  the  structure  and  the  adjacent  soil.  As  a  result,  shear  stresses  are  mobilized  along  the  planes  that  experience 
relative  displacements.  The  magnitude  of  these  shearing  stresses  depends  upon  the  properties  of  the  soil,  the  stiffness  of  the 
structure,  the  rrwgnitude  of  the  overpressure,  and  the  location  and  geometry  of  the  buried  structure. 

If  it  is  assumed  that  the  stiffness  of  the  buried  structure  is  equal  to  that  of  the  surrounding  soil,  at  every  overpressure 
level  both  the  buried  structure  and  the  surrounding  medium  under  the  applied  surface  pressure  should  experience  the  same 
omount  of  deformation;  and  no  arching  stresses  should  develop.  Thus,  the  buried  structure  will  be  subjected  to  exoctly  the 
same  stress  as  the  applied  surface  pressure. 

If  the  stiffness  of  the  buried  structure  is  smaller  than  the  modulus  of  the  surrounding  soil,  a  pressure  applied  ot  the 
surfoce  will  cause  the  buried  structure  to  deform  more  than  an  equivolent  column  of  soil.  Thus,  shear  stresses  will  be 
mobilized  across  the  planes  that  experience  differential  displacements  These  shear  stresses  will  act  in  such  o  direction  as 
to  reduce  the  stress  in  the  domain  of  the  buried  structure  to  a  level  below  the  intensity  of  the  applied  surface  pressure. 

This  phenomenon  of  stress  transfer  (reduction)  will  be  referred  to  os  "octive  orching,"  ortd  the  stress  reduction  itself  will  be 
called  "active  orching  stress  " 

Fimlly,  if  the  stiffness  of  the  buried  structure  is  greater  then  that  of  the  surroundirsg  medium,  the  surrounding 
medium  will  deform  more  then  the  buried  structure.  The  mobilized  sheor  streues  will  now  oct  in  such  o  direction  os  to 
superimpose  on  the  buried  structure  on  additional  stress  obove  thot  of  the  applied  surfoce  preuure.  This  phertomenon  of  stress 
transfer  (increase)  is  referred  to  os  "possive  arching,"  and  the  portion  of  the  stress  corried  by  the  buried  structure  in  excess 
of  that  imposed  by  the  surfoce  intensity  will  be  colled  "pouive  arching  stress."  It  should  be  emphasized  thot  arching 
stresses  con  also  occur  due  to  differentiol  displocements  which  do  not  necessarily  result  from  superimposed  surface  pressure. 

BACKGROUND 

It  oppeors  that  the  significance  of  the  arching  phenomenon  was  first  observed  in  conrtection  with  the  brocirtg  of 
open  cuts.  During  the  eorutruction  of  the  New  York  subwoy  system  ot  the  turn  of  the  century,  field  meosurements  of 
strut  loods  in  open  cuts  disagreed  with  Coulomb's  hydrostatic  distribution  of  loteiol  earth  preuures.  Higher  loodi  were 
meosured  in  the  top  struts  of  braced,  open  cuts  (I).  Similar  results  were  observed  by  Terzoghi  (2)  in  conrtection  with 
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medium. 


403 


SOIL-STRUCTURE  INTERACTION 


lateral  earth- pressure  measurements  in  open  cuts  during  the  construction  of  the  Berlin  subway. 

The  need  for  a  more  comprehensive  analysis  for  the  design  of  culverts  and  underground  conduits  intensified  the 
interest  in  the  arching  mechanism  of  buried  structures.  Some  of  the  significant  work  in  this  area  has  been  performed  by 
Spangler  (3).  More  recently,  the  design  requirements  for  underground  protective  construction  have  created  a  need  for 
better  understanding  of  the  arching  mechanism.  Toward  this  end  the  Civil  Engineering  Branch,WLRC,  has  sponsored  basic 
and  applied  research .  Sonie  of  the  results  of  this  effort  ore  contained  in  References  4  and  5.  Reference  4  deals  with  static 
experiments,  and  Reference  5  with  theoretical  concepts  of  dynamic  soil -structure  interaction.  Test  data  are  presented  in 
Reference  4  for  completely  buried  structures  and  for  structures  pushed  into  20-30  Ottawa  sand.  One  of  the  more  signifi¬ 
cant  conclusions  of  these  tests  is  that  the  normalized  arching  stress  (ratio  of  the  arching  stress  to  the  overpressure)  is 
independent  of  the  overpressure.  Furthermore,  the  arching  stress  is  expressed  as  o  linear  function  of  the  differential  dis¬ 
placement  between  the  structure  and  the  surrounding  medium.  No  limiting  value  for  the  normalized  arching  stress  is 
indicated. 

Although  other  investigators  have  also  made  contributions  toward  a  better  understanding  of  the  arching  phenomenon, 
the  references  cited  are  representative  and  provide  an  overall  picture  of  present  knowledge. 

SCOPE 


Figure  la  shows  a  buried  cylindricol  structure  of  diameter,  d,  and  embedded  length,  I.  Before  application  of 
on  overpressure,  p  ,  on  the  ground  surface,  the  structure  occupied  the  position,  opqr,  possessing  a  soil  cover,  c,  and  a 
cushion  depth,  z,  meosured  from  the  bottom  of  the  structure  to  a  rigid  base.  The  horizontal  planes,  a-o  and  b-b,  are 
drawn  so  as  to  pass  in  the  unloaded  state  through  the  top  and  bottom  planes,  op  and  qr,  of  the  buried  structure.  When  an 
overpressure  is  applied  to  the  ground  surface,  the  buried  structure  shown  in  Figure  la  is  dispioced  to  occupy  a  new  position 
indicated  as  o'p'q'r' .  If  the  buried  structure  is  stiffer  thon  the  surrounding  medium,  plane  o-a  beyond  the  boundary  of 
the  structure  will  deflect  more  than  plane  op,  resulting  in  a  differential  displacement,  yj,  between  the  roof  of  the  buried 
structure  and  the  surrounding  medium.  As  a  result  of  this  differential  displacement,  shear  stresses,  r  ,  will  be  mobilized 
along  the  planes  o'm  and  p'n.  It  should  be  emphasized  that  the  hypotheticol  rupture  planes  Indicated  in  Figure  la  are 
diagrammatic  only— and  arbitrary.  The  actual  position  and  shape  of  these  planes  have  never  been  ascertained  (6);  further¬ 
more,  their  occurrence  depends  on  the  orde'  of  magnitude  of  the  differentiol  displocement. 


(a)  Comprtsslbla  support 


Stress  redistribution  Stress  redistribution 

(compressible  support)  (rigid  support) 

Fig.  I  Uloitrotion  of  Pouive  Arching  ond  Side-WoM  Friction 
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When  the  buried  structure  is  stiffer  then  the  surrounding  medium,  the  stress  on  plane  q-r  will  be  larger  than  the 
free-field  stress.  Thus,  plane  b-b  will  be  displaced  to  position  b'-b',  while  plane  q-r  will  be  displaced  to  position  q'-r', 
creating  a  differential  displacement,  yo,  at  the  bottom  elevation  of  the  structure.  As  a  result  of  this  differential  dis¬ 
placement,  frictional  stresses,  x  '/  '''•I'  mobilized  along  the  vertical  walls  of  the  structure;  and  the  direction  of  these 
frictional  stresses  will  depend  on  the  relative  movement  between  the  buried  structure  and  the  adjoining  soil. 

The  total  load  on  a  buried  structure  consists  of  the  separate  contributions  of  free-field  stress,  arching  stress,  and 
side-wall  frictionol  drag.  Since  the  arching  stress  is  caused  by  the  mobilization  of  shear  stresses  within  the  soil  above  the 
buried  structure,  the  factors  thot  influence  the  arching  stress  for  a  given  overpressure  are  the  longitudinal  stiffness  of  the 
structure,  the  modulus  of  the  surrounding  medium,  and  to  a  certain  extent  the  rigid  body  motion  of  the  structure  due 
to  the  compressibility  of  the  medium  below  the  base  level  of  the  structure. 

The  total  force  due  to  side-wall  friction  on  a  buried  structure  is  proportioral  to  its  embedded  length  and  depends 
on  the  normal  stress,  p^,  exerted  on  the  structure  and  the  frictioml  properties  between  the  structure  ond  the  surrounding 
medium.  The  normal  stress  depends  on  the  radicl  stiffness  of  the  buried  structure  as  well  os  on  the  density  of  the 
surrounding  medium.  Furthermore,  the  normal  stress  on  a  buried  structure  depends  on  the  overpressure  and  is  influenced 
by  arching  in  longitudinal  and  radial  (7)  directions. 

During  the  early  stages  of  this  study,  the  desirability  of  simplifying  the  problem  by  eliminating  some  of  the 
aforementioned  variables  became  quite  obvious.  An  experimental  arrangement  to  simulote  a  conservotive  and  relatively 
simpler  model  was  designed  (Fig.  1b).  It  consists  of  a  buried  structure  whose  base  is  supported  on  a  stratum  of  infinite 
stiffness  with  respect  to  the  surrounding  medium,  if  it  is  assumed  that  the  structure  itself  has  an  infinite  stiffness  in 
comparison  to  the  surrounding  medium,  any  differential  displacement,  y^,  between  buried  structure  ond  surrounding 
medium  will  be  due  to  the  compressibility  of  the  medium  itself.  The  stress  redistribution  along  plane  o'p'  due  to  arching 
is  shown  in  Figure  1  ^or  both  compressible  and  rigid  support.  The  pattern  of  stress  redistribution  juggesied  in  Figure  1 
is  arbitrary.  Its  main  purpose  is  to  indicate  that  when  a  stress  increose  occurs  on  the  buried  structure  a  stress  decrease 
must  also  occur  immediately  adjacent  to  the  boundaries  of  the  buried  structure. 

To  be  able  to  measure  the  influence  of  passive  arching,  a  special  experimental  arrangement  was  designed  which 
permitted  the  measuring  of  the  axial  load  on  buried  structures  free  from  any  side-wall  friction.  For  this  purpose  vertical 
cylindrical  structures  were  used  in  which  the  roof  of  the  structure  consisted  of  o  rigid  disc  supported  independent  of  its 
side  walls.  A  schematic  drawing  of  the  adopted  design  is  shown  in  Figure  2.  Structures  of  this  types  will  be  referred 
tons  "disc  structures." 


t'd 

Fig.  2  Schematic  View  of  Experimental  Arrongement  to  Seporote  ^cesive  Archiisg  from 


Side-Woll  Friction 
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EXPERIMENTAL  APPARATUS  AND  STRUCTURES 
The  generol  features  of  the  experimental  apparatus  are  shown  in  Figure  3. 
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Fig.  3  General  Feolure*  of  Expeiimentol  Apporolut 

The  test  tank  coraith  of  o  plexigioM  cylinder  8  inchet  1.0-  ond  1/2  inch  in  woll  tSicknett.  The  lower  end  of  the 
plexigloH  cylinder  i»  threoded  to  screw  into  on  olutninem  ring  3/lb  inch  thick  and  12  inchet  0  0.  The  function  of  this 
ring  it  to  connect  the  plexiglom  cylinder  to  the  bote  plate  of  the  tonk  to  focilitoie  tilting  the  tank  with  tond  without 
ditlocoting  the  plexigkm  ceil .  This  oluminum  ring  it  ottoched  to  on  oluminum  bote  piote  by  meant  of  four,  V8-inch, 
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round,  steel  bolts,  10  inches  long.  The  other  end  of  these  bolts  is  used  to  fasten  on  oluminum  cover  plate  to  the  cell  of  the 
test  torsk.  The  entire  assembly  is  corrected  to  o  base  frame  by  four  short  bolts. 

The  supporting  framework  consists  of  o  15-inch  channel  with  o  circular  hole  9  inches  in  diometer.  The  upper 
surface  of  this  channel  is  recessed  3/16  of  on  inch  to  occommodote  orsd  center  eosily  the  12-inch  base  plote  of  the  test  torsk. 
A  speciol  rirsg,  machined  out  of  plote  plexiglass,  fits  between  the  tank  and  the  oluminum  cover  plate.  This  plexigloss  ring 
provides  on  oirtight  pressure  chamber,  os  shown  in  Figure  3.  0-rir»gs  ore  provided  ot  both  rims  of  the  plexiglass  ring  to 
seal  the  pressure  chamber  between  o  rubber  diophrogm  ploced  on  top  of  the  somple  and  the  oluminum  cover  plate. 

The  aluminum  base  plote  of  the  test  tonk  hos  the  odditionol  fursctioo  of  providing  irsdependent  support  for  the 
sleeves  surrounding  the  disc  structures.  To  obtain  the  required  omount  of  structure  embedment  for  o  disc  structure,  sleeves 
of  different  lengths  ore  necessary .  For  this  purpose  o  series  of  sleeves  vorying  between  I  ond  5  inches  in  length  wos  mode. 

SirKe  oil  structures  tested  were  1-1/2  inches  in  diometer,  for  o  given  omount  of  embedment,  the  rotio  of  soil 
cover  to  structure  diometer  wos  varied  by  using  different  heights  of  test  tanks.  A  series  of  plexigloss  cells  of  different 
heights  was  mode.  Tests  were  corrducted  usirsg  plexiglass  cells  2-1/2,  3,  4,  ond  5  inches  high. 

As  shown  in  Figure  4,  o  circular  hole  3  inchcrs  in  diameter  is  provided  in  the  oluminum  bose  plote  of  the  test  tortk. 
This  hole  is  plugged  with  on  oluminum  odopter  block  which  is  split  tronsversely  into  two  seporote  rings.  The  upper  rirsg 
hos  on  I .  D.  of  1-1/2  inches  and  on  O  -  D.  of  3  inches.  This  upper  ring  is  threaded  olortg  both  the  I .  of*d  O  -  D.  's .  The 
threads  on  the  O.  D.  ore  used  to  connect  this  ring  to  the  rrwin  base  plote  of  the  test  tonk  while  the  inner  threods  ore  pro¬ 
vided  to  occommodote  the  sleeves  used  for  the  different  disc  structures.  The  lower  ring  of  the  fronsversely  split  odopter 
block  has  o  3-inch  O.  D.  and  is  also  threoded  to  screw  into  the  base  plote  of  the  test  tonk.  The  lower  portion  of  the 
odopter  block  houses  o  l/2-inch  br.ll  bushing.  The  function  of  this  boll  bushing  is  to  provide  verticol  olignment  for  the 
l/2-inch  shoft  which  supports  the  roof  of  the  disc  structures.  It  is  olso  used  to  minimize  friction  on  the  shoft. 


Aluminum  cap 


l/16*in.  clearance 


2/S  in.  thick  disc 


Upper  ring  of 
■pllt  adapter 
block 


Bate  plate 


1/2  in.  buahing 


l/2-in.  *• 
iToateel  ehaft 


Fig.  4  Detoils  of  Test  Arroogement  far  Buried  D'K  Structures 

The  roof  of  the  structure  comists  of  on  aluminum  disc  I-V2  i»Kbes  in  diometer  ortd  ^S-sneh  thick  The  lower 
portion  of  the  diK  »s  tapered  to  contour  fit  inside  the  oluminum  sleeve  which  ?s  1-1/2  inches  0  0.  oisd  hos  o  l/B-Inch  woH 
thickness  The  upper  end  of  the  sleeve  is  similorly  topered  to  occommodote  the  roof  of  the  structure.  The  Imeer  end  of  the 
sleeve  is  threoded  to  screw  into  the  upper  ring  ol  the  odopter  block  Other  detoils  of  the  experimeniol  orrongement  for 
testirsg  buried  disc  structures  ore  shown  in  Figure  4 
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TESTING  PROCEDURE 

Once  the  required  embedment  has  been  selected,  the  corresponding  cell  height  is  chosen  to  provide  the  desired 
cover-to-embedment,  c/I,  and  cover-to-diometer,  c/d,  ratios  The  appropriate  cell  height  is  then  screwed  onto  the 
3/8-inch-o!uminum  ring  which,  in  turn,  is  corrected  to  the  bose  plote  to  form  the  test  tank.  Subsequently,  the  bose  plate 
of  the  cell  is  conrtected  to  the  upper  channel  of  the  supporting  home.  The  upper  ring  of  the  tronsversely  split  adopter  block 
is  screwed  to  the  base  plote  ond  is  odjusted  until  it  becomes  flush  with  the  upper  surfoce  of  the  ccM  bose.  The  lower  ring 
of  the  trartsversely  split  adopter  block  is  rsow  screwed  from  the  ursderside  of  the  bose  plote  until  it  is  in  contoct  with  the 
upper  ring.  The  oppropriote  sleeve  length  is  then  screwed  into  the  upper  ring  of  the  odopter  block.  The  l-l/2-inch  disc 
which  constitutes  the  roof  of  the  structure  is  screwed  into  the  l/2-irKh  shoft,  and  the  assembly  is  lowered  into  position 
from  irtside  the  tank.  The  disc  with  its  supportirsg  shoft  is  now  adjusted  to  provide  o  cleorortce  of  about  1/16  of  on  inch 
between  the  tapered  foce  of  the  disc  ond  the  topered  face  of  the  sleeve.  The  shoft  is  supoorted  on  o  SOO-poursd-copocity 
force  washer  through  a  cylinchical  block.  One  end  of  this  block  is  mochirsed  to  occommooote  the  vertical  shaft  while  the 
other  end  fits  over  the  vertical  pin  of  the  force  washer.  The  force  washer  is,  in  turn,  supported  on  the  plotform  of  a 
mechanical  jack  which  is  raised  or  lowered  by  o  variable  speed  motor.  To  provide  the  required  lersgth  of  embedment,  the 
elevation  of  the  upper  face  of  the  disc  is  adjusted  by  raising  or  lowerirsg  the  jock  os  necessory.  A  metal  cop  mode  out 
of  heovy  duty  olumirsum  foil  Is  placed  over  the  disc  to  cover  the  clearance  between  the  disc  and  the  sleeve;  this  cop  prevents 
sarsd  grains  from  entering  the  cieororsce. 

The  tank  is  then  filled  with  sarsd  until  the  sarsd  surfoce  becomes  flush  with  the  top  of  the  cell.  A  rubber  membrorte 
or  diaphragm  is  laid  across  the  torsk.  The  plexiglass  rirsg,  which  serves  os  o  pressure  chomber,  is  placed  on  top  of  the  rubber 
diophragm.  The  alumirtum  cover  plate  is  placed  on  top  of  the  plexigicu  pressure  chombcr,  orsd  four  l/4"inch  bolts  tie  Iht 
ossembled  test  tank  with  a  quick  couplirsg  located  at  the  cover  plote  of  the  tank.  Durirsg  this  time  tfie  valve  beneath  the 
quick  couplirsg  should  be  kept  closed.  Before  reochirsg  the  took  the  cott^sressed  oir  poues  through  e  control  poisel  equipped 
with  a  pressure  regulotor  and  o  pressure  gouge.  The  pressure  ot  the  pnrsel  con  be  odjusted  to  ony  desired  level  up  to  KX) 
psi.  The  leods  from  the  force  wosher  ore  connected  to  o  slroln-gouge  irsdicotor,  ot>d  on  initiol  reoditsg  is  token  on  the 
indicotor.  The  pressure  at  the  control  ponel  is  first  increased  to  U.S  psi;  ond  by  opsnirsg  the  volve  berseoth  the  quick 
couplirsg,  this  pressure  is  transmitted  from  the  pressure  chomber  onto  the  rubber  d-ophrogm.  The  pressui-e  is  further  monitored 
through  o  secorsd  pressure  gouge  at  the  top  of  the  cell.  While  the  pressure  is  itsointoined  ot  this  level,  the  strain  irsdicotor 
is  read. 

The  overpressure  is  subsstqsrently  increased  to  29.0,  43  5  ,  58. 0,  o.^d  72  5  psi,  orsd  the  corresponding  stroin 
reodings  ore  token  for  eoch  pressure  level  The  overpressure  is  then  vocoted  by  bleeding  the  pressure  through  o  relief 
volve  locoted  on  the  top  plots  of  'he  torsk .  The  ossembled  test  tank,  jsAt  before  o  test,  is  shown  in  Figure  5. 

SOIL  CONDITIONS 

The  soil  wos  20*30  stoisdord  Otrowo  sorsd  used  in  on  oir-dry  stote.  The  «mit  wei^t  of  the  soil  wm  ^ntrolled 
to  produce  three  different  demitiei  The  derssities  voried  between  97  •  0.4  ib^  cu  ft  for  o  loose  note,  lOb^O.blLv  cuftfor 
o  medium-dersse  stote,  orsd  112  8  «  0  4  Ifa^'cu  ft  for  odersse  stote  Ats^lng  o  specific  gravity  of  2.66  for  the  soil  solids, 
these  stotes  correspond  to  void  ratioi  of  0  71,  0. 55.  orsd  0.47  orsd  ra  relotive  derHitic*  of  6,  66,  orsd  96  piKcent,  respec* 
lively  The  loosest  orsd  derssest  stotes  that  could  be  obtoined  in  the  loboratory  correspond  to  void  rotios  of  0  725  orsd 
0  460,  respectively. 

For  the  rssediwm«dersie  state,  the  sorsd  wos  thowerea  |D  throsrgh  the  l/4>iiKh  spout  of  o  hmnel  rnointainiisg  o 
free  foil  of  12  irsches.  For  the  deroe  state,  the  sond  wot  showered  from  the  some  funnel  «»hich  wes  ottochcd  to  o  2*inch* 
diometer,  IO*irKh*long  radioior  hose  At  rhe  free  end  of  the  hose  o  i/"6*iisch  mesh  screen  wos  provided  The  free  fell 
from  the  bottom  of  the  hose  wos  12  iiKhes  The  sond  for  the  loose  state  wos  pieced  by  poning  it  throsrgh  o  hirsrsel  with  o 
i/4*irKh  rpout  The  tip  of  the  funnel  wot  kept  ot  the  center  of  the  tank  orsd.  while  the  torsk  wot  beitsg  filled,  it  wes 
groduoHy  raised  so  os  ta  borely  tasrch  the  free  sond  surfoce  at  oil  times  Subsequently,  the  surface  wot  leveled  flush  with 
the  taisk  by  corefully  screenirsg  off  the  excess  sorsd  with  o  blade 

Reprodsrcibilifr  of  soil  derwities  wos  coroitterst.  it  is  dserefore  isrstified  ta  osiume  that  the  soil  corsditiora 
were  reotorsebly  conftar*r  for  eoch  selected  state  of  relotive  density . 

ANALYSIS  OF  DATA 


General 

The  ^prooch  ond  overoll  perspective  of  rhit  experimental  stady  con  be  best  opprecirsted  by  o  cleor  understarsdirsg 
of  the  tetiirsg  oirangement  orsd  tequeiKe.  For  ihh  purpose  ond  for  o  given  test  series.  Figure  6  indicotet  the  orrangensent 
orsd  seqsrence  sited  ta  test  b«/ried  disc  stsvctsires.  In  oil,  four  series  of  tests  were  run.  In  eoch  series  the  toil  cover  it  kept 
corotant  while  the  embedded  lersgth  of  the  cylifsdricol  sleeve  it  varied.  For  eoch  cover-ta  embedment  ratio,  the  over* 
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prtttwr*  is  rois«d  in  incrtmtnH  of  U  5  p«i  >q  o  fneKin««in  of  72  S  pii  All  ivsis  or*  rcp**^  by  voryirsg  fb*  tond  domity 
fr»n  o  loot*  to  o  •n*diwni>d*m*  and.  linoHy .  to  o  d*m«  t»a«* 

Sine*  lb*  toil  Cov«r  ond  sfrwOvr*  diont****  or*  consloni  in  ony  giv*n  s«ri*s.  (b*  ratio  of  soil  cov*r  to  strwetwr* 
diomotvr  is  nwintoirsod  constont  «i»bilc  tb*  ratio  of  soil  covor  to  *rt<b«dnt*nt  is  d*cr*os*d  by  incrcosing  tb*  *«nb*dd*d  length 
of  Ht*  diK  structure 

Figure  7  irtdicotm  tbe  monner  of  plotting  ond  onolyiing  tb*  doio  obtoirsed  bom  testing  o  buried  disc  structure 
ol  o  certoin  geometric  conligurorton.  In  tbis  porticuiot  enompl*  tb*  soil  cover  is  IS.  lb  of  on  irseb;  tbe  embedment,  3>l  16 
ittebes;  ond  tb*  diometer  o*  tb*  disc  structsrr*,  1-12  inches  Tb*  disc  structure  was  tested  In  o  tenfc  4  inches  high,  thus 
poHCssing  o  c.  I  ratio  of  0  306  rsrsd  o  c  d  rotio  ol  0  63.  Tb*  sond  wos  ploced  in  o  loose  stot*  ct  o  void  totio  ol  0  71  Tb* 
overprenur*  w>os  increosed  usirsg  14  5  psi  IrKtcments  up  to  72  5  pei  Tb*  doro  bom  tbis  test  or*  plotted  In  Figure  7, 
utirsg  tb*  overpressure,  p  ,  os  olHcisso  versus  tb*  normalized  stress  orried  by  o  diK  structure,  0  .  p  ,  os  ordinot* 
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Overpressure,  p^,  14,5,  29,0,  43.5,  50. 0,  and  72.5  psi 

Cover-f;o-diam€ter  ratio,  c ,7d- -const ant  (for  t.  given  series) 

Cover-to-emedment  ratio,  c /l“-variable 

Soil  density,  loose,  medium-dense,  and  dense 


The  data  indicate  that  the  result?  cun  be  approximated  reasonably  well  by  a  straight  line. 

The  total  stress  carried  by  the  disc  stroctoie  is  the  total  force  divided  by  the  area  of  the  disc,  and  »t  consists 
of  the  reporcte  contributions  due  to  arching  and  ov.erpressore .  Therefore,  the  normolized  stress  measured  from  disc 
structures  is  equal  to 

P  I  P 

A  -  .JL - 1  =  I  .  fll 


in  which  p  is  the  overpressure  and  p  /p  is.  the  normolized  arching-stress  contribution.  As  a  matter  of  conveneiencer  the 
ratio  P^/Pg  ^  referred  to  os  the  "normalized  arching  stress."  When  this  ratio  becomes  equal  to  unity,  the  buried 
structure  is  subjected  to  exactly  the  free-Field  stress.  It  is  convenient  to  express  the  arching  stress  in  this  fashion  since 
value:  of  P^/p  thou  unify  indicate  octive  arching,  while  vciues  of  P^/p  lorger  than  unity  indicate  a  passive  arching 
case.  Values  normalized  orching  stress  were  obtoined  for  four  d  fferent  series  of  geometric  orrangements  and  fee  three 
different  derssit'es. 


Arching  Stress 

STree  passive  arching  is  attributed  to  the  mnbilizotion  of  shear  stresses  in  the  soil  above  a  buried  structure  and 
since  such  shear  stresses  con  be  mobilized  at  the  exoense  of  differentiol  displacements  due  to  modulus  mismatch  between 
bu'ied  structure  ond  surrounding  soil,  follows  that  for  c  given  soil  cover  the  arching  stress  should  increase  os  the  length 
of  embedment  increases.  It  should  be  emphasized,  however,  that  for  o  given  value  of  the  c/d  ratio  the  arching  stress  will 
reach  o  limitirsg  rolue  when  the  shear  strength  of  the  soil  above  the  buried  structure  becomes  fully  mobilized. 

Table  I  presents  data  for  tests  performed  in  loose  lond  which  substontiate  the  obove  hypothesis.  IKe  same  date 
ore  presented  graphically  in  Figure  8.  Examination  of  this  figure  indicatus  that,  far  a  constant  value  of  the  c/d  ratio,  the 
normalized  arching  stiess,  P^/p  <  increose''  ot  the  ratio  of  c/I  decreoses  (embedment  increases).  Furthermore,  Figure  8 
indicotes  thot  for  ony  given  constont  value  of  the  c/I  rotio  the  normolized  orching  stress  linearly  decreases  os  the  over¬ 
pressure  is  increosed,  The  decrease  in  the  normalized  orching  stress  might  be  otfributed  to  the  fact  that  the  partially  con- 
stroined  soil  modulus  increases  as  the  applied  stress  level  is  increased  However,  some  opposite  trends  were  observed  for 
similar  tests  performed  on  disc  structures  buried  in  sands  of  medium-dense  and  dense  states  (Figs.  9  and  10).  In  any  event, 
the  observed  trends  were  neither  wel!  defined  nor  consistent  with  variations  in  soil  density  and  overpressure.  It  appears 
thot  these  deviations  of  the  normalized  arching  stress  ore  within  the  range  of  n,xperimental  error.  If  it  is  assumed  thot  the 
normalized  orching  stress  is  independent  of  overpressure,  cveroge  values  of  P^/p  could  be  assumed  for  any  given  constant 
value  of  the  c/!  and  c/d  ratio. 
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Test  conditions 

Loose  sand,  void  ratio  e  ■  0.71 
c/1  -  0.306,  c/d  -  0.63 
Overpressure,  p^,  14.5-72.5  psi 
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Table  I  Data  For  Normalized  Arching  Stress,  Loose  Sand,  Disc  Structure 


Overpressure, 

3 

Test 

Series 

c 

c  1 

1 

c/1 

c/d 

14.5 

29.0 

43.5 

58.0 

72.5 

Ave . 

1  Ratio  of  Pj/p 

d  0 

I 

0.937 

2.50 

1.563 

0.60 

0.63 

1.81 

1.73 

1.68 

1.66 

1.70 

2.063 

0.453 

0.63 

1.92 

1.81 

1.85 

1.79 

Ujlil 

■I 

3.063 

0.306 

0.63 

2.03 

1.90 

1 .92 

1.93 

II 

1.437 

2.50 

1.063 

wwm 

0.96 

1.76 

1.68 

1.68 

1.63 

1.61 

1.67 

3.00 

1.563 

0.92 

0.96 

2.24 

1.98 

2.01 

1.99 

1.96 

2.04 

4.00 

2.563 

0.56 

0.96 

2.29 

2.24 

2.20 

2.16 

2.11 

2.20 

III 

1.937 

mm 

1.063 

1 

1.83 

1.29 

1.85 

1.85 

1.85 

1.79 

1.83 

1.83 

M| 

2.063 

0.94 

1.29 

2.34 

2.29 

2.28 

2.22 

2.19 

2.27 

5.00 

3.063 

0.63 

1.29 

2.56 

2.56 

2.66 

2.50 

1 

2.48 

2.55 

IV 

0.0 

mm 

2.500 

0.0 

0.0 

1.06 

1.06 

9^9 

1.06 

1.06 

1.06 

4.000 

0.0 

0.0 

1.17 

1.17 

^^9 

1.12 

1.11 

1.14 

5.00 

5.000 

0.0 

0.0 

1.17 

1.12 

1.10 

1.12 

1.09 

1.12 

To  ascertain  whether  thesa  deviations  could  be  attributed  to  experimental  errors,  a  series  of  tests  wos  performed 
utilizing  cell  heights  of  2-1/2,  4,  and  5  inches.  In  these  tests,  disc  structures  with  embedments  equal  to  the  cell  height 
were  used.  The  tops  of  the  disc  structures  were  placed  flush  with  the  sand  surface  bearing  on  the  underside  of  the  rubber 
diaphragm.  The  total  load  carried  by  the  disc  structures  was  meosured  while  the  overpressure  wos  increased  in  the  some 
manner  as  previously  described  for  tests  on  buried  disc  structures.  The  data  from  these  tests,  which  represent  o  case  of 
zero  soil  cover,  are  given  in  Tables  I,  2,  and  3  for  loose,  medium-dense,  and  dense  sand  states,  respectively.  They  are 
designated  as  Test  Series  IV.  The  same  data  are  also  shown  graphically  in  Figures  8d,  9d,  and  lOd. 

Irrespective  of  the  longitudinal  stiffness  of  the  structure  ^tself  or  of  its  supporting  ossembly,  the  stress  meosured 
under  such  circumstances  should  always  be  equal  to  the  applied  overpressure.  Figure  8d  indicates  that  for  loose  sand  the 
normalized  P  ./p  ratios  were  always  lorger  than  unity.  For  the  medium-dense  and  dense  sends.  Figures  9d  and  lOd  indicate 
that  Pj/P^j  wios  larger  and  snxiller  than  unity  were  measured.  Although  no  specific  trends  are  noticeable,  the  scatter  of 
the  dora  Is  in  general  somewhat  less  than  that  of  the  loose  sand  state.  Stresses  greater  than  the  applied  overpressure  might 
be  attributed  to  tensile  stresses  transferred  by  the  diaphragm,  but  volues  of  the  normalized  stress  p  ./p  smaller  than  unity 
can  be  attributed  to  experimental  errors  only.  It  should  also  be  noted  that  the  scatter  of  the  data  is  Ims  for  tests  performed 
with  zero  soil  cover. 

If  the  scatter  of  the  data  is  attributed  toerrors  inherent  in  the  experimental  technique,  the  normolized  arching 
stress  for  the  rigid  structure  could  be  assumed  to  be  independent  of  the  overpressure.  The  lost  column  in  Tables  I,  2,  and 
3  gives  the  average  values  of  the  normalized  arching  stress  for  the  entire  ronge  of  the  applied  overpressures.  Utilizing 
these  overage  values  of  if  '»  possible  to  present  the  data  from  Toble  I,  loose  sond  state,  in  a  more  concise  and  com¬ 
prehensive  form  as  shown  in  Figure  11 .  This  figure  consists  of  o  plot  of  the  normalized  arching  stress  versus  the  c/I  rotio 

for  constant  values  of  c/d.  It  confirms  what  one  might  expect;  thot  the  greater  the  length  of  embedment  the  more  it 
contributes  to  differential  displacements  and,  consequently,  the  larger  the  possive  orching  stress. 

In  these  experiments  it  was  not  possible  to  increase  the  embedment  so  that,  for  a  given  soil  cover,  the  c/I  ratio 
would  become  small  enough  to  yield  o  limiting  value  for  the  normalized  arching  stress.  Under  such  corsditions,  i.e. ,  for 
small  c/I  ratios,  a  substantial  portion  of  the  applied  pressure  would  be  transferred  to  the  walls  of  the  test  tonk  by  side-wall 
friction.*  Although  the  normolized  arching  stress  exhibits  a  linear  variation  with  the  range  of  c/I  rotioi  ottoined  in 
these  tests,  it  is  improboble  that  the  results  could  be  extrapoloted  to  much  lorger  embedments.  Figure  II  also  indicotes  that 
the  normalized  arching  stress  decreases  as  c/d  decreases  for  any  given  value  of  c/I. 


*fhis  action  will  be  referred  to  as  "silo-type  arching"  in  this  report. 
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Ratio  of  cover  to  embedment,  c/1 

Fig.  II  Normalized  Arching  Stress,  p  ./p  ,  vs.  c/I  Rotio  For  Loose  Send 

d  o 


able  2.  Doto  For  Nonrulized  Arching  Streu,  Medium-Dense  Sond,  Disc  Structure 


Test 

Series 

c 

c  +  1 

1 

c/l 

1 

i 

c/d 

I  —  ■ 

Overpressure,  p^ 

> 

14.5 

29.0 

43.5 

58.0 

72.5 

Ave. 

Ratio  of  pj/p^ 

I 

0.937 

mm 

1.563 

wm 

WSM 

1.01 

mm 

1.03 

1.04 

2.063 

1.17 

1.24 

1.24 

1.27 

1.22 

3.063 

fSm 

mSM 

1.07 

D 

1.33 

1.39 

1.29 

II 

1.437 

2.50  i 

1.063 

■g 

gg 

0.85 

0.96 

Hi 

1.01 

HQ 

0.98 

4.00 

2.563 

DQ 

WsBm 

1.28 

1.28 

ns 

1.41 

DBl 

1.37 

III 

.  "~"'1 

1.937 

mm 

IjBQH 

1.07 

1.07 

mm 

1.15 

1.09 

m 

mm 

1.28 

1.23 

1.28 

1.37 

1.30 

B| 

0.63 

1,29 

1.28 

1.41  j 

1.55 

1.64 

1.49 

17^ 

l!K|H 

2.500 

MS 

mm 

1.06 

mm 

0.98 

tm 

0.99 

!  4.00 

4.000 

0.0 

■■ 

0.96 

mm 

1.00 

1.01 

1.04 

1.00 

5.00  1 

5.000 

0.0 

0.96 

EflSIl 

1.00 

0.99 

1.01 

0.99 
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Toble  3.  Dato  For  Normalized  Arching  Stress,  Dense  Sand,  Disc  Structure 


Test 

Series 

c 

c  +  1 

1 

c/1 

c/d 

Overpressure, 

14.5 

29,0 

43.5  I 

I  58.0  1  72.5 

ig 

Ratio  of  p./p 
d  0 

I 

0.937 

1.563 

IQ 

0.63 

0.74 

0.77 

B 

0.88 

0.88 

0.82 

mm 

2.063 

Hg 

0.63 

0.43 

0.54 

Hi 

0.62 

0.66 

0.58 

4.00 

3.063 

B 

0.63 

0.32 

0.48 

0.57 

0.62 

0.66 

0.53 

II 

1.437 

2.50 

1.063 

- 1 

1.35 

0.96 

mm 

B 

0.71 

0.76 

0.79 

0.69 

4.00 

2.563 

0.56 

0.96 

HQ 

B 

0.65 

0.72 

0./9 

0.65 

III 

1.937 

IQ 

1.063 

nm 

1.29 

HD 

B 

0.48 

0.51 

0.50 

0.47 

2.063 

B 

1.29 

HQ 

0.48 

0.54 

0.61 

0,46 

IV 

0.0 

- 1 

2.50 

- 1 

0.0 

0.0 

1.07 

B 

1.01 

1.03 

1.04 

0.0 

0.0 

Hi 

1.01 

1.01 

0.99 

5.00 

5.000 

0.0 

0.0 

B 

1.03 

1.01 

1.03 

1.04 

1 _ 

The  results  of  tests  on  medium-dense  and  dense  sands  ore  presented  in  Tables  2  ond  3  and  in  Fig<;res  9  ond  10. 

In  controst  to  the  trend  observed  for  loose  send,  the  doto  for  medium-dense  ond  dense  sortds  indicote  tho!  the  normolized 
arching  stress  increases  with  an  increase  in  averpressure .  it  is  notable  tbot  in  Figure  9  the  medium-dense  sand  exhibits 
the  same  characteristic  trend  of  an  increase  in  the  normalized  arching  stress  os  the  c/ 1  ratio  decreases.  Similorly,  Fig*»re 
12  shows  the  normalized  arching  sHess  versus  the  C/'l  ratio  for  medium-dense  sand  ond  for  eonstont  values  of  c/d.  It  indi¬ 
cates  that  the  arching  stress  increases  os  the  c/I  ratio  decreoses.  Furthermore,  for  corsstont  volues  of  c/I  the  pouive 
orching  stress  decreases  os  c/d  decreoses.  This  is  in  occord  with  the  result  discussed  previourly  in  Figure  11  for  loose  sand. 

Figure  K)  indicates,  in  controst  to  previously  established  trends,  thot  the  normolized  arching  stress  tends  to 
decreose  os  the  c/I  ratio  decreases.  This  phenomenon  is  observed  more  clearly  in  Figure  13  where  the  lines  for  coratoni 
c/d  ratios  hove  either  very  flot  slopes  or  slopes  opoosite  to  those  previously  discussed  (Figs.  II  ond  12)  for  loose  ond  medium- 
dense  sonds. 

It  should  be  recognized  thot  the  plots  of  the  rtormolized  arching  stress  for  dertse  send  foil  within  the  zorse  of 
active  orchirsg.  This  indicotes  thot  the  disc  structures  orsd  their  supportirsg  ossembly  which  were  considered  to  be  relotively 
stiff  were  yielding  ri«ore  thon  the  surrounding  dense  medium.  Such  o  supposition  might  seem  questionable,  but  is  probobly 
true  Furthermore,  the  erratic  rwture  of  the  doto  obtairsed  from  tests  on  deisse  sond  rsecetsitates  further  experimentation 

Using  the  dota  from  Figures  II,  12,  orsd  13,  plots  of  the  rsormofized  orchirsg  stress  versus  void  rotio  ore  presented 
in  Figure  14  for  different  values  of  the  c/'l  ratio  varying  between  0  2  ond  1.8  From  the  ovoilobie  dota  it  is  possible  ta 
draw  Figure  14  for  c/d  ratios  of  0.83,  0.96,  orsd  1. 29,  respectively.  The  following  observotioiss  con  be  mode  from  the 
results  presersted  in  Figure  14 

(1)  For  o  given  density  ond  c/'d  rotio,  the  possive  orching  stress  iiKrcoses  os  the  c/'l  ratio  decreoses. 

(2)  For  o  given  nsity  orsd  C/ 1  ratio,  the  possive  orchirsg  stress  irKrewes  os  e/d  increoses. 

(3)  For  o  given  value  of  the  </l  orsd  c/d  rotios,  the  passive  orchirsg  stress  decreoses  rather  morVedly  os  the  sorsd 
density  ifKreoses. 

(4)  When  the  sand  density  increoses  to  o  void  rotio  between  0  48  ond  0  50,  oH  curves  indicote  o  tronsition  tram 
possive  ta  octive  orching.  This  illustrates  thot  oithough  the  structure  itself  vras  assumed  ta  be  more  rigid  thon  the  surroursdirg 
medium,  yet  the  fromeworh  on  which  the  structures  were  supported  ond  through  which  the  food  ors  the  structures  wos  moni¬ 
tored  wos  presumably  yielding  more  thon  the  surrosrrsding  dense  medium.  It  is  olso  pouibie  rtttt  in  the  cose  of  detsse  sonds, 
the  silo-type  orching  wos  exhibiting  on  oppreckibie  influence  on  stress  iroramiuion,  thereby  obliteratirg  the  occurrence 

of  0  passive  orching  phenomerson  No  displocements  were  measured  in  this  investigation;  it  is  therefore  not  powible  to 
ouess  the  validity  of  either  of  these  hypotheses.  This  needs  further  contiderotiers  with  future  studies  Figure  14  further 
indicotes  thot  within  the  octive  arching  zorte  ond  for  o  given  c,  d  ratio  the  octive  orchitg  stress  decreases  os  the  c,  I  ratio 
decreoses. 
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CONCLUSIONS 

Relative  deraity  is  the  principal  parameter  affectir>g  the  passive  arching  srress  induced  on  vertical  cylirKlers 
buried  in  a  granular  medium.  The  c/I  and  c/d  ratios  are  next  in  importance.  The  effect  of  overpressure  on  the  normalized 
crching  stress  on  rigid  structures  is  smoM  in  comporisen  to  the  effects  of  ony  of  the  porometers  mentioned  above. 

Maximum  normalized  arching  stress  ratios  as  large  os  2.66  have  been  meosured  in  this  investigation.  It  is  probable 
thot  the  results  represent  lower  bound  values  doe  to  interferences  with  the  boundaries  of  the  tank.  Although  extensive 
input-output  measurements  ore  not  as  yet  available  to  ossess  the  pertormcrsce  of  the  test  tank,  some  preliminary  stress 
irpuf-O'Jtput  measurements  have  indicated  that  within  the  aspect  ratios  (iersgth-to-diameter  lotio  of  test  tank)  utilized  in 
this  experimental  study,  which  varied  between  a  miniir.jm  of  U.  12  and  a  maximum  of  0.62,  the  stress  transmission  (output- 
to-input  rotio)  varied  between  94  artd  72  percent,  respectively.  The  stress  loss  being  mainly  concentrated  at  the 
boundaries,  the  average  loss  aver  the  structure  is  most  likely  iraignificont. 

For  perfectly  rig'd  structures,  it  is  debatable  that  the  orching  stresses  meosured  in  this  investigation  represent 
absolute  hmitirg  values.  It  is  believed  that  for  perfectly  rigid  structures  the  absolute  arching  stresses  could  be  much 
larger  than  those  measured  in  this  study. 

The  experimental  setup  and  the  manner  of  conducting  the  tests  have  fulfilled  their  purpose  in  providing  an 
oppreciation  of  the  vorious  parameters  and  their  relative  contribution  to  the  passive  orching  phenomenon.  The  results 
of  this  investigation  should  be  regarded  os  a  guide  and  not  as  dosign  criteria. 
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EXPERIMENTS  ON  CIRCULAR  CYLINDERS  WITH 
FLEXIBLE  ROOF  PLATES  BURIED  IN  SAND 

by 

C.  J.  Costanlino*  and  A.  Longinow** 


ABSTRACT 

A  series  of  thirty  experiments  have  been  performed  to  determine  the  loads  transmitted  to  vertically  oriented 
buried  circular  cylinders  with  flexible  roof  plates  subjected  to  stotic  surface  overpressures.  It  has  been  found  that  for 
depths  of  burial  greater  than  one  roof  diameter,  the  load  transmitted  through  the  structure  is  about  1/2  of  the  applied 
surface  pressure  for  the  range  of  flexibilities  considered.  For  shallow  buried  cylinders,  sufficient  flexibility  must  be  pro¬ 
vided  in  the  roof  plate  to  develop  any  significant  load  transfer.  The  stress  distribution  across  the  plote  becomes  more 
non-uniform  with  increase  in  deflection  and  depth  of  burial. 


INTRODUCTION 


In  the  design  of  buried  protective  structures,  the  designer  is  faced  with  a  problem  area  in  which  the  amount  of 
ovailable  definitive  information  is  fairly  limited.  In  addition,  present  demand  for  superhard  structures  has  increased  the 
complexity  of  the  problem.  Due  to  the  mognitudes  of  load  which  such  structures  are  required  to  resist,  the  utilization  of 
conventional  methods  of  design  would  yield  structures  so  greatly  misproportiorsed  as  to  be  uneconomical  or  ineffective. 

This  study  does  not  concern  itself  with  methods  of  design  as  such,  but  rather  with  certain  underlying  aspects 
of  soil-structure  interaction  on  which  such  methods  must  ultimotely  be  based.  Specifically  the  objective  of  this  program 
has  been  to  determine  in  a  quantitative  way,  the  influence  of  structural  flexibility  on  the  loads  experienced  by  a  buried 
structure  when  the  surface  of  the  soil  is  subjected  to  static  overpressures. 

The  structure  (model)  used  in  this  study  is  a  rigid  cylinder  6-in.  in  diameter  and  6-in.  long  (Fig.  I)  with  inter¬ 
changeable  flexible  roof  plates.  The  most  rigid  plate,  l/2-inch  thick,  was  supported  on  the  model  in  such  o  way  thot 
deflections  were  p-ohibited.  Experiments  so  performed  will  be  referred  to  here  in  cs  "rigid  roof"  experiments,  to  dis¬ 
tinguish  them  from  experiments  performed  with  the  more  flexible  roof  panels.  The  soil  medium  was  dry  Ottawo  sand. 
Experiments  were  performed  in  a  3-ft  diameter  by  3-ft  deep  pressure  vessel,  the  walls  of  which  were  treated  with  bonded 
and  loose  Teflon  to  reduce  side-wall  frictionol  resistance.  A  complete  discussion  of  the  experimental  set-up,  ond  testing 
procedure  is  given  In  the  Appendix  to  this  paper. 

Experiments  were  conducted  considering  the  following  variations  of  parameters: 

1.  Depth  of  burial 

2.  Flexibility  of  roof  plotes  (three  different  flexible  plates  were  used) 

3.  Surface  overpressure 

4.  Repeated  loadings 

5.  Soil  density 

The  measured  quantities  cansisted  of  rigid  body  motions  of  the  cylinder,  bending  displacements  of  the  plates,  vertical 
displacements  of  the  sand  surface  and  the  total  load  applied  to  the  structure  as  a  function  of  surface  overpressure. 

MODEL  STIFFNESS  VS.  SOIL  DENSITY 

It  is  well  known  that  the  load  transmitted  to  a  buried  structure  is  o  function  of  the  relative  stiffness  of  the 
structure  as  compared  to  the  soil;  thot  is,  if  the  structure  is  stiffer  than  the  soil,  lood  will  "arch"  into  the  structure, 
and  if  the  soil  is  stiffer  than  the  structure,  load  will  "arch"  around  the  structure.  To  determine  which  condition  existed 
in  this  study,  the  stiffness  of  the  r^.odel  with  a  rigid  roof  plate  was  determined  ond  compared  to  the  soil  stiffness  obtained 
from  confined  compression  tests  for  two  density  states  (loose  ond  dense).  These  results  are  shown  in  Figure  2. 

It  should  be  noted  that  for  about  30  percent  of  the  stress  range  shown,  the  model  is  "softer"  than  dense  sand. 

Thus,  in  this  stress  range,  the  r\iodel,  even  though  it  has  a  rigid  roof,  would  be  expected  to  experience  an  under-registration 
of  transmitted  toad  in  relation  to  surface  overpressure.  In  the  case  of  the  loose  density  the  model  would  be  expected  to 
experience  an  opposite  effect.  Such  effects  were  obtained  in  the  experimental  results. 

*Research  Engineer,  IIT  Research  Institute,  Chicago,  Illinois 

**Asst.  Research  Engineer,  IIT  Research  Institute,  Chicago,  Illinois 
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SOIL-STRUCTURE  INTERACTION 


Fig.  I  Cylindrical  Model 


The  relative  densities  at  which  the  thirty  experiments  of  this  study  were  performed  ore  presented  in  graphical 
form  in  Figure  3.  With  reference  to  density,  the  experiments  con  be  divided  into  two  categories,  loose  and  dense.  An 
attempt  was  made  to  keep  densities  constant  in  each  of  the  above  cotegories  since  this  would  focilitote  a  comparison  of 
individual  experiments.  Bui  as  seen  in  Figure  3,  some  scatter  occurred.  The  major  cause  contributing  to  the  scatter  of 
data  was  the  use  of  a  penetration  type  vibrator  for  achieving  a  dense  sand  stote.  The  use  of  such  a  tool  makes  it  extremely 
difficult  to  obtain  o  uniform  density.  Another  contribution  to  this  scatter  is  naturally  error  in  density  measurement;  a  6 
percent  change  in  (relative  density)  is  equivalent  to  only  a  I  percent  change  in  the  soil  density. 

RESULTS  FOR  RIGID  ROOF  PLATE  SERIES 

For  an  experiment  conducted  on  the  buried  cylinder  with  a  rigid  roof  plate,  the  total  load  transmitted  to  the 
plate  was  measured  for  each  value  of  the  surfoce  overpressure.  A  typical  result  is  shown  in  Figure  4  (for  o  ratio  of  depth 
of  burial/roof  diometer  of  3) .  It  moy  be  noted  from  this  curve  that,  upon  loading  the  soil  surfoce,  the  average  pressure 
transmitted  (total  loacL^roof  area)  to  the  model  is  less  than  the  opplied  surface  pressure.  As  discussed  obove,  this  is  due 
to  the  fact  that  this  test  was  conducted  in  a  dense  soil  (D^^  =  82  percent).  Upon  unloading,  a  significant  hysteresis  effect 
develops,  as  is  expected,  with  little  or  no  residual  stresses  remaining. 
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A  summary  of  the  test  series  for  the  rigid  roof  is 
contained  in  Figure  5.  In  this  figure,  the  ratio  of  the 
average  transmitted  pressure  ta  the  surface  overpressure  is 
plotted  against  the  ratio  of  depth  of  burial  ta  roof  diameter 
(d/B)  for  surface  overpressures  of  60  ,  80,  and  100  psi  on  the 
loading  cycle  only.  It  may  be  noted  that  for  the  higher 
density  tests,  the  transmitted  load  is  always  less  than  the 
surface  o  erpressure,  while  for  the  loose  density  tests,  the 
reverse  is  true  (as  expected).  In  addition,  as  the  depth  of 
burial  increases,  the  amount  of  arching  (into  or  away  from 
the  model)  oppeors  to  reach  some  maximum.  It  would  be 
anticipated  that  at  some  critical  value  of  d/B  the  "arch" 
would  "close"  ond  the  results  for  deeper  depths  would  be 
the  same  (no  surface  effects) .  Unfortunately,  the  scatter 
of  these  test  results  prevents  a  reasonably  accurate  deter¬ 
mination  of  this  critical  depth. 

To  indicate  this  effect  more  graphically,  two 
curves  were  sketched  in  Figure  5  for  the  loose  and  dense 
states  (labeled  by  D  =  40  percent  and  75  percent)  to 
represent  more  or  less  the  average  affect  of  depth  of  burial 
on  transmitted  pressure. 

RESULTS  FOR  FLEXIBLE  ROOF  PLATE  SERIES 
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Sond  With  Model  Stiffness  (Rigid  Roof) 
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A  typical  set  af  load-deflection  curves  repre¬ 
senting  four  cycles  of  loading  for  the  model  having  a 
flexible  roof  disc  (El  ==  1054  lb-in)  is  shown  in  Figure  6.  A 
loading  cycle  coruisted  of  applying  surface  pressure  in  20 
psi  increments  to  100  psi  and  then  reducing  it  in  a  set  number 
of  increments  to  the  zero  level.  The  cycles  were  conducted 
in  succession  without  disturbing  the  experimentol  set-up. 

It  may  be  noted  especiolly  in  the  loading  portions  of  the 
curves  that  the  second  through  the  fourth  cycles  follow 
essentially  the  same  paths,  achieving  greater  deflection  at 
a  lesser  load  then  in  the  case  of  the  first  cycle.  This  is  os 
would  be  expected  since  after  the  first  cycle  both  the  sand 
and  the  model  tend  to  stiffen.  The  magnitudes  of  this 
deviation  from  the  first  loading  cycle  would  depend  pri- 
morily  on  the  initial  sand  density. 

The  variations  of  the  center  displocement  with 
depth  of  burial  for  the  model  having  the  same  roaf  disc  as 
described  is  shown  in  Figure  7.  For  the  case  shown,  displacements  reoch  on  essentially  constant  value  for  d|/B  >  1.0  for 
each  level  of  overpressure.  Monifestation  of  this  occurrence  is  further  illustrated  in  Figures  8,  9,  and  10  for  the  roof 
discs  considered  in  this  study.  A  relatively  constant  center  deflection  for  a  porticular  load  level  is  ottained  in  the 
neighborhood  of  d/B  approximately  equal  to  1-0  for  all  coses.  This  indicates  the  depth  ot  which  full  "archirtg"  develops 
which  is  independent  of  roof  flexibility. 

In  addition,  it  may  be  noted  that  the  pressure-center  displacement  curves  ore  non-lineor;  this  occurs  from  two 
suparote  effects.  Firstly,  the  lood-deflection  relotion  for  a  circular  plote  under  uniform  preuure  is  non-linear,  with  the 
plate  becoming  stiffer  with  deflection  due  to  the  large  deflection  effects  encountered  at  these  displocements. *  This 
may  be  noted  from  Figure  9  for  d/B  =  0.  Secondly,  os  load  is  opplied  to  the  buried  plote,  a  smaller  portion  of  the  surface 
pressure  is  transmitted  to  the  plote  due  to  the  arching  oction  developed  by  the  plote  displocements.  Thus,  for  the  buried 
plate,  the  effective  stiffness  of  the  system  increases  with  surface  pressure. 

Furthermore,  os  the  flexible  plote  is  buried  more  deeply,  it  would  be  onticipoted  thot  the  load  distribution 
across  the  plate  would  vary.  This  is  shown  in  Figure  II  in  which  the  equivolent  uniform  pressure  (to  cause  the  some  center 
displacement)  is  plotted  ogoinst  the  measured  total  lood  applied  to  the  plate  (divided  by  the  plate  area).  Two  items  moy 
be  rtoted  from  this  figure.  First,  ot  ony  one  depth  of  burial,  the  curve  tersds  to  flatten  with  opplied  overpressure  indicotirsg 
that  the  pressure  distribution  becomes  more  non-uniform  (more  load  trotssferred  from  the  center  to  the  edges)  os  deflection 
proceeds.  Secondly,  os  the  depth  of  burial  increosed,  the  non-linearity  ogoin  increases  until  the  critical  depth  is  reached 
(for  d/B  >1.0). 


*S. Timoshenko,  Theory  of  Plotes  ond  Shells,  McGraw-Hill  Book  Company,  New  York,  1940. 
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Test  number 

Fig.  3  Variation  of  Relative  Density  with  Test 


The  influence  of  flexibility  on  load  transfer  is  shown  in  Figure  12.  From  this  figure  it  may  be  noted  that  at  the 
shallow  buric!  depths  arching  effects  become  significant  when  sufficient  flexibility  is  included  to  allow  for  relatively 
large  deflections.  For  the  deeper  depths  of  burial  (c^B  >  I),  significant  load  transfer  develops  even  for  the  stiffer  roof 
plates.  In  addition,  one  other  peculiarity  may  be  noted  in  Figure  12.  For  the  tests  conducted  at  the  various  depths  using 
the  intermediate  flexible  plate  (El  =  1054  lb-in)  a  characteristic  hump  or  rise  in  the  curves  may  be  noted.  The  reason  for 
this  is  not  apparent  and  no  particular  significance  can  be  attached  to  it  at  this  time.  Clearly,  errors  in  measurement  and 
nonuniformity  of  soil  conditions  could  possibly  produce  such  behovior.  Further  experimentol  work  is  required  to  investigate 
this  problem. 


CONCLUSIONS 

From  this  limited  experimental  program,  severol  conclusions  may  be  drawn.  First,  and  possibly  most  importont, 
is  the  fact  thot  experimental  results  obtoined  from  srttall  models  moy  be  misleading  in  that  these  results  oppear  to  be 
extremely  sensitive  to  density  variations,  which  ore  unforturxiteiy  most  difficult  to  control.  In  oddition,  their  influence 
on  prototype  structures  is  difficult  to  evaluate. 

In  general,  however,  these  results  indicate  that  for  depths  of  burial  greater  than  obout  one  roof  diometer  the 
soil  arch  developed  above  the  roof  "closes",  so  that  transmitted  loads  would  be  the  some  with  deeper  depths.  This  result 
appears  to  be  independent  of  roof  flexibility.  It  should  be  noted  thot  in  this  series,  pressures  were  not  ottoined  high 
enough  to  "collopse"  the  soil  orch  and  possibly  cause  o  reloodirsg  of  the  roof  plotes. 

Further,  for  the  range  of  flexibilities  considered,  at  the  deeper  depths  of  burial  (4/B  >  I)  the  decrease  in  load 
transmitted  to  the  structure  is  obout  50  percent  of  the  applied  surfoce  pressure.  For  the  shallower  depths  of  burial  (c(/B  <  I), 
sufficient  flexibility  must  be  provided  in  the  roof  plate  to  ollow  o  soil  arch  to  form  ond  a  load  transfer  to  occur. 

The  pressure  distribution  across  the  roof  plate  becomes  more  r>on-uniform  with  plo’e  deflection  and  also  with 
depth  of  burial . 
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Load  Applied  to  Rigid  Plote  During  Loading  and  ^'9*  5  Influence  of  Relative  Density  on  Lood  Ap  >lied  to 

Unlooding  Cycles  (4^6  =  3)  Rigid  Roof  Plate 


Surface  Pressure,  Psi 
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Center  Displacement  (In  x  10^) 

Fig.  6  Variations  of  Roof  Displacements  With  Surface  Pressure 


APPENDIX 

EXPERIMENTAL  DETAILS 
STRUCTURAL  MODEL 

The  model  used  In  the  experiments  is  shown  in  Figure  I,  the  dimensions  beirtg  6-in.  dio.  ond  6-in.  lortg. 

The  mojor  component  ports  of  the  model  were  mode  from  ordinor/  structural  steel  (type  AT) .  The  basic  model  consisted  of 
on  outer  cylirtder  with  a  base  plote  welded  to  it,  on  inrter  lood-tromferring  cylinder  with  its  bose  plate  ond  dio. 

shaft,  ond  o  horizontal  support  member  which  contained  a  verticol  thrust  bearing.  The  inner  lood  transferring  cylinder 
hod  two  support  edges.  The  upper  support  edge  was  used  in  performing  experiments  on  the  model  with  flexible  roofs, 
the  lower  support  edge  was  used  when  experiments  were  performed  on  the  model  with  o  rigid  roof.  In  order  to  minimize 
deformation  of  the  model  durirsg  experiments,  four  stifferters  were  welded  on  the  inside  of  the  inner  load-trer«ferring 
cylirtder  and  on  the  inside  of  the  outer  cylinder  along  four  rodii,  90  opart. 

The  shoft  mode  contact  with  o  spherical  boll  which  rested  in  o  spherical  seat.  The  dhtatKe  between  the  lower 
edge  of  the  inner  cylirtder  ortd  the  upper  surfoce  of  the  outer  cylirtder  wos  l/8-in.  Tnis  spoce  was  taped  durirtg  tests  to 
prevent  soil  from  entering  the  model.  The  only  contact  between  the  two  basic  ports  of  the  model  (the  load  troitsferring 
cylinder  ond  the  outer  cylinder)  wos  ot  the  lood  ceil  (force  wosher) . 

The  basic  model  was  altered  by  chortgirtg  the  flexibility  of  the  roof  ta  obtain  the  following  four  models  (Toble 
I).  in  cose  of  the  rigid  roof  model  experiments,  a  l/2-in.  steel  disc  wos  ploced  on  the  lower  support  edge  of  the  inrter 
cylinder.  To  assure  thot  rto  disc  deflection  would  occur  it  wos  olso  supported  ot  the  center  within  the  model . 
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INSTRUMENTATION 

In  the  cose  of  the  flexible  roof  rnodel  experiments,  central  deflections  of  the  roofs  at  voricos  overpressures  and 
capths  nf  burial  were  measured  by  means  of  linear  variable  differential  trorssformers  (L.  V.  D.  T) 

In  the  cose  of  model  B  and  C,  an  L.  V.  D  T.  highly  sensitive  to  low  displacement  was  used.  The  L.  V  D.T.  was 
riKsunted  in  o  Plexiglas  holder,  held  in  place  with  a  sprirtg  and  projected  just  for  enough  to  moke  contact  with  the  roof  of 
the  f>)odel  This  assembly  was  then  plowed  inside  the  inrter  cylinder  end  ottcched  to  its  base  plate  with  four  plastic  screws. 
A  flexible  roof  wos  then  ploced  over  the  model  artd  toped  at  the  edges  with  block  electrical  tape  to  prevent  it  from 
occidentolly  slipping  off  during  the  set-up  of  the  experiment.  The  reoson  for  using  the  Plexiglos  holder  was  to  prevent 
ony  metol  from  influerscing  the  perforcriorKe  of  ‘he  tronsformer. 

In  the  cose  of  mode!  D,  which  hod  the  most  flexible  roof  <^’sc,  on  L.  V.  D  T.  with  o  larger  range  of  travel  wos 

employed. 

The  lood  cell  used  in  these  experi'nents  was  a  force  washer,  model  1636,  resistance  120  ohms,  gouge  factor 
2.0,  serial  no.  1683-7,  menu  foe  tu  red  by  Lockheed  Electronics  Compony,  Los  Angeles  Californio 

SOU  FACILITY  AND  EXPERIMENT  SET-UP 

Experiments  were  performed  in  the  IITRI  Soil  Facility.  The  pressure  vessel  used  for  the  expetiments  has  o  3-ft 
inside  diameter  with  a  3-ft  depth  The  walls  of  the  vessel  were  treoted  with  one  coot  of  borsded  Toflon  and  one  sheet  of 
Teflon  wos  ploced  over  it.  This  was  done  to  minimize  frictiorsol  restroint  ot  the  vessel  woll  For  the  performorKe  of  the 
experiments,  the  vessel  wos  filled  with  soil  to  o  de..irad  depth.  The  model  wos  then  suspended  into  the  vessel  by  meons  of 
r«o  1,/4-inch  rods  corwsected  to  o  structural  angle  which  sponrsed  the  vessel  ot  its  tap  This  configurotion  served  to  locote 
the  nodel  or>d  keep  it  in  this  position  durirtg  the  plocirsg  of  the  remcirsder  of  the  soil.  When  the  soil  completely  filled 
the  vessel,  the  chorwiel  end  the  two  l/4-lrtch  rods  were  removed  without  distarbirsg  the  model.  A  thin  rubber  diophrogm 
wos  then  plocedover  the  smooth  sorsd  surface  ursd  the  upper  projectirsg  flarsge  of  the  pressure  vessel.  Surfoce  displocements 
were  meosured  as  taHows.  Four  bross  discs  were  glued  to  the  rubber  diophrogm.  Or>*  disc  was  directly  at  the  center,  the 
other  three  were  nn  o  rodiol  lirse  2,  6  orsd  lO-irsches  from  the  center  of  the  vessel.  Wire  leods  were  soldered  to  the  discs 
and  mede  their  exit  from  the  veuel  through  on  oirtight  pipe  plug  in  the  pressure  vessel  cover.  The  vessel  cover,  which 
wos  b(.>!t«d  ta  the  vessel  by  meom  of  36  high  strength  baits,  hod  four  ’‘through’*  holes  drilled  in  it  ot  the  some  locotioiss 
ot  the  brou  discs  Plungers  were  ollowed  to  go  through  these  holes  from  the  outside  ond  contact  the  bross  discs.  Airtight 
"Neoprene'  gaskets  were  placed  oroursd  the  plungers  A  smoii  bulb  wos  wired  to  eoch  brass  disc  Thus  when  any  plunger 
wm  moved  down  ond  touched  the  brass  disc,  the  ught  bulb  corresponding  to  it  would  light  up  The  source  of  power  wos 
o  dry  cel)  bottery  A  d>ot  gouge  wos  positiorsed  over  eoch  plunger  ta  meosure  the  displocements .  A  schemotic  of  the 
experimental  set-up  Is  shown  in  ^igyre  13 

An  experiment  cotssisted  of  the  following;  the  model  with  o  roof  of  o  porticulnr  flexibility  buried  ot  o  specified 
depth  wos  subjected  ta  o  static  pressure  which  was  uppiied  ot  the  surfoce  of  ttse  soil  The  static  air  pressure  wos  opplied 
in  increments  of  iKJ-p*i  up  ta  KX)-pii  offer  which  it  wos  reduced  tc  90  pii  orsd  further  reduced  in  increments  of  20  psi  ta 
10  psi,  from  which  it  wos  reduced  ta  zero  psi  This  procedure  wos  repenrw-r  four  timet  in  eoch  experiment .  Reodirsgs  of 
the  L  V  0  T  ond  the  force  w.c»her  were  recorded  ot  eoch  preHure  level  of  oil  four  cycles 

SOIL  niEPARATION 

The  soil  used  In  the  experiments  wos  dry  Ottawo  s»sd  whose  groin  size  distribution  it  given  in  Figure  14.  The 
voriotion  of  send  density  with  the  ortgie  of  interfsoi  friction  it  given  in  Figure  IS. 

Tp  obtain  o  darste  state  of  Ottawo  tond,  the  lersd  wos  first  ploced  in  arse  contirsuosn  lo/er  ta  o  height  I  >11 
below  the  di^th  sr  which  the  mudet  wos  to  be  ploced  it  wot  then  vibroted  by  meorst  ef  o  persetrotiais  type  corKteta 
vibrotor  unfit  g  desitod  dint-iPy  wos  teoched  The  tersd  deroity  wos  determiised  by  meons  of  o  density  scoop  *  After  this 
the  model  wos  Subtended  into  the  vessel  os  described  above  and  the  torsd  w«  ploced  in  6-in  layers  until  the  top  of  the 
vessel  oftH  reoched  At  eoch  layer  it  wot  vibrated  o*  four  diometricoiiy  opposite  points  midway  between  the  model  ond 
the  vessel  woH  by  the  penetration  type  vibrator  for  o  durotion  of  obeut  3  minutes  Oemity  scoop  reodingis  wsrre  opoin 
taken  ot  the  surtace  when  the  vessel  w<a  cornpletely  filleo  with  sorsd 

The  method  used  in  obtain'ng  a  loose  dtmity  for  Ottawo  sortd  wos  ot  <rll(wvs  A  slot  I  4-irtch  wide  wos  cut 
in  the  bpHom  ot  o  cylirsdricot  me*al  container  whose  oiasneter  ond  dtpth  were  19-inches  The  slot  extended  ocross  the 
full  diasnetsrr  of  the  container  The  sLat  wos  then  closed  horn  the  outside  ond  the  corttainer  woi  filled  with  send  Sortd 
wos  thehoiiowed  to  drop  from  dse  container  through  the  slot  into  the  pressure  vessel  while  the  container  wos  moved  in  o 
circulor  morwier  within  the  vessel  The  dHtarKe  between  ih«  bottom  of  the  conioiiser  orsd  the  fermitsg  sorsd  surfoce  wos 
held  between  18  orsd  20-inctws 

•Sfvin,  ^  ,  STSKerCeonwiJrrWeleh,  "Ground  Shock  holotion  of  luried  Strsrctares,  *  Report  AFSWC-T1-6I-3I.  HT 
Reseotch  hsitiiwte  for  Air  Force  Speciol  We^oro  Confer,  July,  i96i. 
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Fig.  i3  Experimental  Set-Up 
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YIELDING  MEMBRANE  CONCEPTS 
by 

H.  P.  Harrenitien*  and  R.  H.  Gunderson** 

INTRODUCTION 

The  presentotion  is  concerned  with  the  reporting  of  some  of  the  ongoing  research  at  the  University  of  Arizona  in  the 
general  area  of  soil -structure  interaction  —  specifically,  the  orea  of  analysis  and  design  of  yielding  steel  membranes 
which  are  shallow-buried  and  which  yield  under  dynamically  applied  overpressures.  The  specific  contract  under  which  the 
first  phase  of  this  work  is  being  performed  is  Contract  OCD-PS-64-187.  The  contracting  agency  is  the  Department  of  the 
Army,  Office  of  Civil  Defense,  Woshington,  D.  C.  The  contractor  is  the  University  of  Arizona.  The  work  is  being  per¬ 
formed  by  the  Engineering  Research  Laboratory  of  the  University. 

A  direct  quote  from  the  Contract  follows: 

"A.  The  contractor.  In  consultation  and  cooperation  with  the  Government,  shall  furnish  all  engineering,  labor, 
tools,  equipment,  materials,  supplies,  facilities,  and  services  necessary  for  a  feasibility  study  relating  to  optimizing 
shelter  design.  The  work  and  services  shall  pertain  to  the  analysis  and  design  of  flexible  yielding  membrane  elements 
of  a  shelter  to  resist  normal  dynamic  effects  not  unlike  those  which  may  result  at  the  soil-structure  interface  os  a 
result  of  a  nucleor  blast. 

B.  The  general  areas  of  investigation  shall  include,  but  not  be  limited  to  the  following: 

1 .  Investigote  the  theoretical  prediction  of  the  configuration  of  a  yielding  membrane  and  determine  its  application 
to  the  shelter. 

2.  Perform  certain  loading  simulator  studies  to  corroborate  the  intuitive  fact  that  yielding  buried  structures  are 
efficient  structural  systems. 

3.  Extend  the  theory  of  studies  involving  the  investigations  of  the  meirbrane  supported  on  yielding  boundaries. 

4.  Determine  the  feasibility  for  future  possible  exploitation  in  this  area." 

Because  the  contract  has  just  started,  the  material  presented  here  is  more  along  the  lines  of  "in-progress"  reporting, 
os  opposed  to  a  final  reporting  of  the  results  of  the  Contract.  Such  material  is  deemed  appropriate,  however,  for  inclusion 
in  a  symposium  on  the  state  of  the  art  in  soil -structure  interoction  studies. 

GENERAL 

When  design  to  resist  blast  and  other  close-in  nuclear  weopons  effects  is  considered,  it  is  only  logical  to  realize  that 
simultaneously  large  amounts  of  initial  radiation  and  fallout  may  be  inevitable  realities.  It  is  this  combination  of  effects 
which  make  buried  structures  most  feasible.  The  shielding  required  to  meet  the  radiation  requirements  and  the  structural 
strength  required  to  meet  blast  requirements  both  point  to  these  forms  of  structures  as  desiroble  and  economical. 

Little  experience  is  available  on  this  subject,  but  this  fact  is  not  o  sufficient  cause  to  ovoid  the  applicotion  of 
judgement  and  engineering  intuition  to  develop  practical  solutions.  The  economies  available  in  such  structures  force 
engineers  to  develop  conservative  ptocedures  for  design;  at  the  same  time  test  data  ond  research  feed  the  store  of  know¬ 
ledge  necessary  to  refine  the  designs. 


SOIL-STRUCTURE  INTERACTION  FORCES 


Definition 

Soil-structure  interaction  forces  are  those  forces  which  oct  at  the  interface  between  a  buried  structure  and  the  sur¬ 
rounding  soil  medium.  These  are  generally  considered  to  be  normal  pressures,  but  shearing  forces  also  exist  at  this 
interfacial  junction. 

Distinction  between  types  of  forces 

Normal  forces  ore  pressures  which  act  normal  to  the  interfacial  surface  and  are  generally  In  the  same  order  of 
magnitude  as  the  surface  overpressures  in  the  air  medium  above  the  ground  surface.  Shearing  forces  are  those  forces  which 
are  tangential  to  the  interfocial  surface  and  generally  are  in  the  same  order  of  magnitude  as  the  respective  shearing  forces 
in  the  soil  under  these  conditions.  In  general,  the  normal  forces  produce  the  greoter  effect  or  response  in  the  structure 
and,  because  of  this,  we  will  limit  our  discussion  to  the  action  of  these  structures  under  this  interaction  component  only. 

*  Professor,  Department  of  Civil  Engineering,  University  of  Arizona,  Tucson,  Arizona. 

**  Graduate  Associate,  Department  of  Civil  Engineering,  Univenity  of  Arizona,  Tucson,  Arizona. 
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EFFECTIVE  SOIL-STRUCTURE  INTERACTION  PRESSURES 


Definition 

The  effective  soil-structure  interaction  pressure  is  defined  os  that  norimi  pressure  distribution  which  at  a  given 
instant  will  produce  a  stotic  free-field  deformation  in  the  structure  equal  to  the  deformation  of  the  structure  in  the  soil 
medium  at  that  same  instant.  It  follows  then,  if  we  can  neglect  the  shearing  components  of  interaction  forces,  that  the 
moments  «id  stresses  under  this  effective  pressure  will  equal  those  in  the  confined  structure  ot  the  some  instant. 

Dependent  variables 

Effective  soil-structure  interoction  pressures  depend  upon  the  characteristics  and  homogeneity  of  the  soil,  the  nature 
of  the  loading,  and  the  stiffness  and  geometry  of  the  buried  structure,  in  relationship  to  the  surrounding  soil. 

TYPES  OF  BURIED  STRUCTURES 

Because  the  type  of  buried  structure  has  so  much  to  do  with  the  nature  of  buildup  or  ottenuotion  of  the  passing  over¬ 
pressure,  it  is  appropriate  to  consider  these  types  in  some  detoil.  The  three  basic  types,  into  which  categories  most  buried 
structures  foil,  are  the  rigid,  rigid-flexible,  and  flexible  types  (see  Figure  1).  For  completeness,  each  of  these  types  is 
briefly  discussed,  however,  the  major  corKem  of  this  presentation  involves  the  flexible  type  structures. 

Rigid  buried  structures 

Rigi(f  burled  structures  are  those  buried  structures  which  by  definition  undergo  negligible  deformation  upon  loading. 

As  o  result  of  their  rigidity,  they  have  certain  pecularities  of  interaction  behavior  which  will  be  discussed  in  more 
detoil  later. 


Rigid-flexible  buried  structures 

A  rigid-flexible  structure  is  one  which  by  definition  exhibits  rigid  characteristics  until  some  point  in  the  rising  loading 
cycle;  at  this  point  it  yields  In  such  a  manner  so  as  to  reduce  its  volume  or  alter  its  shape  considerably.  In  conjunction 
with  this  behavior  are  certain  changes  in  the  basic  soil-structure  interaction  characteristics. 


Flexible  buried  structures 

Flexible  Isuried  structures  are  those  structures  which  by  definition  exhibit  yielding  or  other  noticeable  structural 
deformation  immediately  at  the  first  sign  of  an  overload.  They  continue  this  yielding  or  reduction  in  volume  behovior 
throughout  the  rising  loading  cycle.  As  Isolated  structures  they  moy  be  quite  weak,  however,  in  conjunction  with  the 
surrounding  soil,  the  combined  system  moy  become  very  efficient  ot  resisting  dynamic  overpressures. 

SETTLEMENT  RATIOS  Grovmd  Surface 


To  understand  the  nature  of  soil -structure  inter¬ 
action  phenomena,  it  is  appropriate  to  consider  three 
basic  types  of  settlement  ratios.  These  are  positive, 
negative,  and  zero  ratios. 

The  positive  settlement  ratio 

Definition.  The  positive  settlement  ratio  by 
definition  is  associated  with  the  change  in  geometry  of 
the  soi  I  mass  surrounding  a  buried  structure  such  thot 
the  structure  feels  o  vertical  load  in  excess  of  the 
resultant  of  the  dead  and  live  loads  immediately 
overhead. 

Visuol  description.  The  concept  of  positive 
settlement  ratio  may  be  described  visually  by  the 
idealized  drawing  in  Figure  2.  it  will  bo  observed 
that  the  soil  mau  surrounding  the  structure  deflects 
more  than  the  vertical  column  nf  toil  in  which  the 
structure  is  contained.  As  a  result  of  this  idealized 
geometrical  discontinuity,  vertical  shearing  forces  are 
produced  which  add  to  the  load  that  is  normally 


Ground  Surfoce 


Fig.  1  Types  of  Buried  Structures 
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experienced.  The  effective  soil -structure  interaction  pressure  for  this  situation  is  then  larger  than  that  existing  in  an 
undisturbed  soil  at  this  same  depth.  To  be  sure,  this  sudden  discontinuity  does  not  usually  exist  and  more  corbeling  action 
moy  be  observed,  however  the  overall  effect  is  the  some. 

The  negative  settlement  rotio 

Definition.  The  negative  settlement  ratio  by  definition  is  associated  with  the  change  in  geometry  of  the  soil  moss 
surrounding  a  buried  structure  such  that  the  structure  feels  a  vertical  load  which  is  less  than  the  resultant  of  the  dead  and 
live  loads  immediately  overhead. 


Visual  description.  The  negative  settlement  ratio  is  shown  visually  in  Figure  3.  It  will  be  observed  that  the  soil 
mass  surrouTKiing  the  structure  deflects 
less  than  the  vertical  column  of  soil  in 
which  the  structure  is  contained.  As  a 
result  of  this  idealized  geometrical 
discontinuity,  vertical  shearing  forces 
ore  produced  which  subtract  from  the 
load  that  is  normally  experienced.  The 
effective  soil-structure  interaction 
pressure  for  this  situotion  is  then  smaller 
than  that  existing  in  on  undisturbed  soil 
at  the  same  depth.  As  before,  the 
sudden  discontirMity  does  not  exist  and 
in  reality  soil  arching  takes  place  but 
the  overall  effect  is  the  same. 

Zero  Settlement  rotio 

Definition .  A  zero  settlement  rotio 
Is  defined  as  being  associated  with  that 
condition  which  exists  when  the 
surrounding  soil  moss  and  the  soil  column 
containing  the  structure  deflect  equal 
amounts.  Under  such  conditions,  the 
effective  soil-structure  interaction 
pressure  is  equal  to  that  existing  in  an 
undisturbed  soil  medium  at  the  same 
point.  Figure  4  shows  such  a  condition. 

Systenre  conductive  to  zero 
settlement  rotios.  These  system  are 
those  in  which  the  soi  I  and  structure 
possess  equal  stiffnesses.  Certain  types 
of  rigid,  rigid-flexible,  and  flexible 
structures  may  at  some  point  in  their 
loading  cycle  exhibit  this  behavior.  In 
general,  such  situotions  rarely  happen 
throughout  the  entire  loadirtg  cycle. 
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Fig.  3  Idealized  Negative  Settlement  Ratio 
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SOIL-STRUCTURE  INTERACTIONS 

Rigid  fully-buried  structures 

Rigid  fully-buried  shuctures  generall/  produce  positive  settlement  rotio  conditions  and,  os  a  result,  should  be  designed 
for  pressures  in  excess  of  those  existing  at  similar  points  in  undisturbed  soils.  By  definition,  a  rigid  structure  is  one  which 
undergoes  negligible  deformation  on  loading.  According  to  the  AFDM  definition,  a  fully-buried  structure  is  one  which 
is  buried  sufficiently  so  that  transient  effects  of  shock  wove  loadings  may  be  neglected.  Figure  1  shows  a  typical  rigid 
buried  structure.  This  arch,  if  corresponding  to  the  fully-buried  definition,  can  only  undergo  uniform  compressive  stress 
by  virtue  of  Its  uniform  pressure  loadings.  The  only  bending  that  con  develop  is  doe  to  the  change  in  curvature  associated 
with  the  uniform  change  in  radius  that  results  from  this  idealized  loading. 


Flexible  buried  structures 

Flexible  buried  structures  exhibit  the  opposite  behavior  to  rigid  structures.  An  example  of  such  a  structure  is  shown 
in  Figure  1  as  a  vertically  oriented  circular  corKrete  cylinder  with  thin  steel  diaphragms  for  the  floor  and  roof.  The 
diaphragms  are  the  flexible  element  of  the  system.  Yielding  of  these  diaphragms  begins  almost  instantly  at  the  first  sign 
of  overpressure  and  such  yielding  continues  until  the  overpressure  is  fully  resisted  by  the  combination  of  effects  of  the 
change  in  geometry  of  the  teruion  membrane  / 

and  the  soil  arching  which  takes  place  due 

to  the  development  of  the  negative  settle-  ^-mach  front 

ment  rotio  condition.  Herein  lies  the 

real  toughness  of  this  combined  soil-  ‘  ”” -■  ^ 

structure  system.  ^ — “f  \  p 


Rigid-flexible  buried  structures 


As  the  name  im^ies,  a  rigid-flexible 
buried  stnicture  exhibits  the  qualities  of 
each  type  during  its  loading  cycle.  As  a 
result,  positive  settlement  ratios 
immediately  followed  by  negative  ones  may 
develop.  Two  types  of  rigid-flexible 
structures  are  shown  in  Figure  1 .  The 
first  is  the  reinforced  concrete  box 
structure,  arxl  the  second  is  the  popular 
steel-culvert.  The  box  structure  gains 
its  rigidity  through  the  moment  of  inertia 
of  the  concrete  moss  and  through  beam 
and  slob  action.  The  flexibility  is 
achieved  through  the  development  of 
yield  hinges— beyond  which  point  the 


-DEFORMED  GROUND  SURFACE 


•ORIGINAL  GROUND  SURFACE 


UNDEFORMED  STRUCTURE 


Fig.  4  Zero  Settlement  Ratio 


resistance  to  overpressure  is  almost 
constant,  if  soil  arching  is  neglected.  p 
The  steel  culvert  has  received  much 
attention  at  this  confererKe.  It  is 
actually  ambidextrous  in  that  it  may 
exhibit  rigid,  flexible,  or  rigid-flexible 
behavior  depending  on  the  noture  of 
loading,  type  of  backfill,  etc.  Generally, 
however,  it  is  relatively  rigid  until  either 
large  elastic  deformations  or  buckling  is 
experienced.  Either  of  these  latter  effects 
simulate  flexibility  otkI  thus  irtduce 
negative  settlement  ratios. 

Summary  of  effects 

figure  5  illustrotes  probable  effective 
soil-structure  interaction  pressures  which 
may  be  felt  by  buried  structures  of  the  three 
basic  types.  The  differerKes  irt  the  types 
ore  due  totally  to  soil-structure  interaction 
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effects  and  relotive  stiffnesses  of  the  structure  and  surrounding  soil. 

The  stage  has  been  set,  by  the  previous  discussions,  for  the  statement  that  quantitative  predictions  of  these  soil- 
structure  interoction  loads  are  most  difficult.  Here  we  have  a  statically  indeterminate  sfructural  problem  of  the  worst  type. 
Very  little  quantitative  results  of  any  kind  ore  available  to  substantiate  reliable  magnitude  predictions.  There  is  a 
porticulorly  intense  need  for  more  theoretical  and  experimental  data  on  the  soil-structure  interaction  phenomenon.  These 
quontitctive  predictions  ore  necessary  if  hopes  of  meaningful  analyses  are  real.  Fortunately,  however,  designs  may  be 
produced  from  what  limited  knowledge  we  now  hove  if  we  are  not  overly  concerned  about  being  conservative. 

The  ultimate  in  structural  analysis  is  to  find  on  answer,  such  os  stress  and  displocement,  given  a  structure,  its  supports 
and  its  loads.  Obviously,  for  most  physical  systems  there  is  generally  but  one  answer.  The  analyst  hopes  to  either  find  his 
ansv/er  exactly  or  else  gain  a  close  errough  approximation  to  it  that  this  answer  is  acceptable.  In  short,  th^  arxilyst  is  a 
problem  solver,  in  the  author's  opinion,  the  ultimate  in  design  is  to  create  a  given  structure  to  resist  given  loads  over 
given  boundaries  such  that  an  analysis  is  not  isecessory  to  assure  that  this  structure  will  perform  satisfactorily.  In  short, 
then,  o  designer  con  be  a  problem  ovoider. 

A  qualitative  understortding  of  the  general  physical  behovior  of  on  underground  structure,  as  we  hove  just  considered, 
is  rK>t  sufficient  for  analysis.  Becouse  so  little  is  known  about  the  quontitotive  behavior  of  urtderground  structures,  os 
compared  with  those  above-ground,  we  unavoidably  find  that  our  designs  ore  conservotive .  This  is  not  altogether  bod, 
however,  because  the  source  of  conservatism  is  generally  found  in  the  supporting  strength  offered  by  the  soil.  For  regions 
in  which  blast  overpressures  ore  coreidered,  close-in  fallout  and  initial  radiation  will  almost  assuredly  be  such  that  quite 
a  bit  of  moss  will  be  required  for  adequate  shieldirtg.  There  is  no  more  economical  moss  for  shieldirsg  than  earth  and 
therefore,  in  such  regions,  buried  structures  moke  sense  from  the  fallout  and  radiation  standpoint,  let  alone  from  the  blast 
resistoTKe  storsdpoint. 


THE  ANALYSIS  AND  DESIGN  OF  FLEXIBLE  STRUCTURES 


General 

n^xible  buried  structures,  because  of  yielding  charocteristics  which  produce  negative  settlement  ratios,  offer  the 
ultimate  in  economy  because  of  the  way  in  which  titey  force  the  soil  to  resist  the  overload.  The  most  efficient  flexible 
structure  is  that  which  simultaneously  yields  under  constant  stress  at  every  point  in  its  plane.  The  behavior  of  such  a 
structure  may  be  predicted  in  odvorrcc  by  an  irrverse  solution  of  the  differential  equations  for  stress  in  shell  structures 
urtder  normal  pressure  loodings. 

An  introduction  of  this  approach  to  design  was  made  at  the  Sympsoium  on  Shell  Research,  Delft,  The  Netherlands, 
August  30,  1961  (1).  The  application  at  thot  time  was  directed  toward  the  "Configuration  of  Shell  Structures  for  Optimum 
Stress."  Basically,  the  approoch  involves  the  initial  assignment  of  a  given  find  stress  state,  such  as  that  of  constant 
stress.  The  search  is  then  mode  for  the  shell  structure  which  exhibits  this  find  state  of  stress  under  a  previously  assigned 
normd  pressure  loading.  For  the  situation  at  hand,  a  uniform  yield  stress  may  be  assumed  under  a  blast  pressure  loading. 
The  configuration  of  this  yielding  membrane  under  this  blast  pressure  loading  is  then  the  desired  result. 

For  on  example  of  the  stnictural  efficiency  of  a  system  such  as  this,  cortsider  the  following  simple  comparisons. 


Membrone  Afwiysis  of  o  Thin  Plote 
For  a  comporisoTi  consider  o  pre- 
viously  designed  orte-way  flat  slab. 


>  , 


-Hr 


i5'-(y 


15’-0" 


I 

r 


- M - 

15'-(y’  ^  15’-0" 


where  under  o  standard  design 
with  p^  =  50  psi  the  resulting  section 
is  as  follows; 

Now  consider  the  some  span 
covered  with  a  thin  steel  plate.  ^ 


19" 


_A  =  4.08  in /ft 


1/4”  steel  plate 


Assume  that  when  the  lood  is  applied 
section,  os  shown  on  the  next  page. 


plate  will  yield  into  o  circular  arc.  Cortsider  a  free  body  of  the  loaded 
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By  static  Equilibrium; 

E 


F  =0 

V 


P  (L)  -  2(10,000 
o 


)  =  0 


„  _  10,000  „  „  _  10,000 

Po - ^  or  R  - 

o 


For  this  particular  case  of  loading: 
P  =50p8i 


in. 


This  determines  the  Radius  os  a  function  of  the  load  only, 
independent  of  the  length  (L).  This  condition  in  itself  is 
insufficient  since  no  consideration  is  given  to  the  percent¬ 
age  elongation.  To  determine  this  percentage,  consider 
the  equation  of  the  triangle  bounded  by  R  and  R-h. 

2 


(R-h)^  =  R^ 


h  =  R 


h  for  this  cose  is  given  by  h  =  200  -  [  (200)  -  (90)  ] 
Calculation  of  the  percentage  of  elongation: 


1/2 


%e* 


S-L 


where  S  is  the  arc  length 
of  the  membrane 


=  200  -  178  =  22" 


S  =  R8  =  (200)  2  tan“’  =  187.2" 


,,  _  187.2  -  180 

- 113 — 


7.2 

TW 


=  0.04  =  4% 


’.  O.K. 


Thus  it  is  seen  that  a  1/4"  steel  i^mbrane  is  capable  of  resisting  os  great  a  load  os  a  19"  reinforced  concrete  slob  which 
is  reinforced  at  a  rate  of  4.06  in /ft.  The  plate  contains  3.0  inyft,  —  lew  steel  than  in  the  reinforced  slob.  The  strain 
of  4%  is  lew  than  the  ultimate  uniaxial  strain  capacity  of  most  structural  steel  plote. 

For  increased  efficiency  of  stuel  membrane,  it  may  be  used  in  a  bioxial  state  of  strew  such  os  thot  found  in  a 
circular  diaphragm,  on  example  of  which  follows. 


Two-Woy  Circular  Membrane 

(!onsi^  o  circulor  plate  of  diometer  L  subjected  to  o  load  of  p^  psi  and  clamped  around  the  circumfererwe,  as 
shown  above. 
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From  static  equilibrium: 

^  V 

2  2 
P^tr  =  10,000  ^)7r  (5) 


^  20,000  „  20,000 

P^._t -  Of  R---— y— 

o 


For  P  =  50  psi,  R- 400  in. 
o 


The  same  examples  may  be  solved  by  a  more  ^2  ^  \ 

general  approach.  This  approach  involves  the  '  ^2  \ 

application  of  the  general  membrane  theory  of  shell  \ 

structures  to  the  situation  presented.  Such  theory  ' 

may  be  briefly  developed  as  follows. 

Consider  a  free-body  of  on  element  of  a  shell,  os  shown  above: 
From  the  equilibrium  conditions: 

a(os'^,)  d(o;N  )  aoc,  aoj 

TTT  *  "air  * 


-N  . act p  .0 


N  N 


For  Nj  -  Nj  =  ♦  S  (constant),  ond  ~  N^j  -  0 


1  1  3 


htote  that  in  this  equation,  R|  ood  R2  or*  fhe  principol  rodii  of  curvoture  of  the  final  deflected  surface.  P3  is  the 
normal  pressure  on  the  surfoce  and  S  is  the  membrane  tereion  in  dimeiaiom  of  force  per  unit  length. 

An  illustration  of  the  applicotion  of  this  equation  is  now  mode  with  refererKe  to  the  previous  two  examples. 


First  example: 


Rj  =  a>,  Pj  =  P  -  P  ,  S  =  10,(X)0  Ib/in. 

.  .  tr  r  T" 

K,  Kj  i 


IT  — 
Rj  oo 


P  ,  P 
O  I  o 

T'  TT^'T 


-  10,000  , 

Rj  “  5p—  = -200  In.,  as  before. 
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Second  Example: 


Obvioosly,  it  is  as  simple  to  apply  the  frse>body  diagram  approach  os  it  is  to  apply  the  gerteral  theory,  however 
for  more  complex  problem,  the  general  theory  must  be  used  in  conjunction  with  numericol  solutions  on  a  digital  computer. 
The  following  introduces  this  oppiooch. 


Gerterol  Theory  of  Funiculor  Shells 

A  shell  structure  may  be  tiering  as  o  materialization  of  o  curved  surfoce  in  space,  in  general,  the  structure  of 
structural  component  so  formed  carries  its  loads  primarily  by  direct  stress.  By  this  process,  such  structures  make  muxtmum 
use  of  the  material  from  which  they  are  formed  in  resisting  applied  loads. 

Among  the  clones  of  shell  structures  that  are  ovaiiable  for  shelter  application,  there  exist  those  which  initially 
exhibit  uniform  direct  stress  characteristics  under  certain  specified  loodings.  These  types  of  shell  structures  possess  the 
maximum  ponible  structural  efficiency  that  a  two-dimensionol  structim  is  capoble  of  providing.  A  structure  which  is 
of  one  sheet  arrd  which  exhibits  uniform  stress  charocteristics  under  normol  pressure  loading  is  defirted  os  o  funiculor  shell. 
The  particular  type  of  such  shell  structures  thot  are  formed  when  a  thin  steel  ploie  yields  with  “constant"  stress  under 
application  of  a  distributed  normal  pressure  is  ore  such  shape  ortd  is  the  subject  at  hortd.  The  pressure  need  not  be 
uniform  for  the  funicular  concept  to  be  present. 

Many  authors  hove  considered  the  general  shope  of  funicular  shells.  As  was  stated,  one  introduction  of  the  general 
theory  of  the  configuration  of  such  structures  urtder  lood  was  given  at  the  Internotionol  Association  for  Shell  Structures 
Sympsoium  ot  Delft,  The  Netherlands  in  1961  (I).  The  basic  equotion  involved  in  this  presentotion  was: 

N  N 

I  ^  2  ^  p  _  g  Where  Rj  and  R^  ore  the  principal  rodii  or  curvature,  Nj  and  N2 

~  ore  the  membrorre  forces  and  P  is  the  lateral  pressure  load. 

If  it  is  assumed  that  the  some  stress  level  exists  of  all  points  in  the  membrone  arrd  in  oil  directions  such  that 
N^  «  N,,  »  S,  the  above  equation  reduces  to: 


The  exact  equation  of  curvature  derived  from  differential  geometry  for  a  furKtion  s  *  f(x,y)  is; 
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Solutions  and  Design  Curves 

T^is  expression  may  be  written  in  finite  difference  form 
and  solved  by  iteration  techniques  on  o  digital  computer  for 
certain  membrone  shapes  and  specific  edge  conditions.  The 
types  considered  in  this  paper  ore  shown  in  Figure  6.  The 
non-dimensionalized  PD/S  versus  Zg/D  curves,  whicti  are 
shown  in  Figure  7  ore  results  from  the  computer  study.  Only 
the  curves  showing  the  center  deflection  are  given,  but 
these  are  the  most  important  as  far  as  design  is  concerned. 
These  curves  are  based  on  the  behavior  of  a  rigid-plastic 
material.  However,  to  use  these  curves  with  any  other 
type  of  material  the  only  additional  information  required 
is  the  oppropriate  stress-strain  curve  for  the  material. 

The  PD/S  vs.  Zg/D  curves  are  based  on  the  average 
stress  and  average  strain  across  the  center  of  the  membrane. 

It  is  known  that  the  strains  ore  not  uniform  over  a  deflected 
membrane  surface  (2,3,4).  However,  as  far  as  vertical 
deflections  are  concerned,  the  assumption  of  uniform 
stresses  and  strains  appear  justified. 

The  only  regions  where  this  assumption  leads  to 
appreciable  errors  is  in  the  comers  of  rectangular 
membranes.  If  reasonable  care  is  taken  during  the  con¬ 
struction  to  insure  proper  full-strength  welds  and  if  the 
design  strain  is  reasonable  (less  than  2.5%)  the  yielding 
membrane  structural  element  should  serve  quite  well. 

Either  the  circular  or  rectangular  problems  could  be 
programmed  for  the  computer  with  a  non-uniform  lateral 
pressure.  Soon,  it  may  be  possible  to  predict  the  attenuation 
of  pressure  on  a  yielding  structural  element  and  the 
resulting  pressure  distribution.  However,  in  working 
with  yielding  elements,  they  can  be  built  as  if  they  were 
to  be  subjected  to  the  full  uniform 
lateral  pressure.  The  yielding 
characteristics  force  the  surface  to 
take  the  shape  it  has  to  assume. 

Although  certain  metals, 
especially  mild  steel  have  very  large 
plastic  elongation  properties  on 
uniaxial  tests“Sometimes  greater 
than  30%  strain— this  does  not  mean 
the  material  will  admit  such  large 
strains  under  biaxial  conditions. 

In  fact,  most  of  the  common  yielding 
materials  will  not  admit  average 
strains  greater  than  9  to  10  percent 
even  in  a  membrane  state  of  stress . 

Since  a  true  membrane  state  of 
stress  moy  be  difficult,  if  not 
impossible,  to  realize  in  actual 
construction,  a  maximum  design 
strain  of  2.5%  is  recommended. 

This  strain  corresponds  to  a 
ratio  of  about  0.10. 

To  illustrate  the  use  of  these 
design  curves,  consider  the  circular 
membrane  which  was  solved 
previously.  In  that  example. 


‘yTrrrrrjTTmrff 

‘  1.5  D 


2D  i 


/  [  r 


]  ' 


Clamp«d  Edg* 
Yielding  Seam 


Fig.  6  Plan  Views  of  Shapes  Considered 


Fig,  7  PD/S  versus  z ^'D  Curves 
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P  =P  SOpji 
so 

D  =  15  ft  -  180  in. 


For  this  case 


S  =  10,000  Ib/in. 


PD_  (50)(i80) 

T='lT5755e‘ 


0.90 


From  Figure  4;  z^/D  =  0.057,  which  corresponds  to  a  strain  of  approximately 
1%.  The  center  deflection,  is  then  0,057  D,  or  10.3  in. 

The  ultimate  strength  of  this  membrane  may  be  easily  determined  by 
entering  Figure  4  with  a  maximum  biaxial  strain  requirement  of  2.5%.  For 
this  strain  PD/S  =  1 .5  and  Zq/D  =  0.097.  If  PD/S  =  1 .5,  then 


Fig  8  Yielding  Membrane  Shelter 


P 


1.5S  1.5(10,000)  , 

—  '  — 


The  center  deflection,  z^,  for  this  condition  is  =  0.097  (180)  =  17.5  in.  This  exomple  demonstrates  the  remarkable 
reserve  strength  of  these  elements. 

To  achieve  the  greatest  economy  and  overall  toughness  of  the  shelter,  it  is  suggested  that  the  same  type  of  membrane 
be  used  on  the  floor  as  on  the  roof.  Figure  8  above,  illustrates  this  concept. 

Usually  the  center  deflection  to  span  ratio  will  be  the  governing  design  factor  but,  also  a  check  should  be  made  to 
insure  against  an  excessive  pressure  increase  in  the  structure  which  may  be  induced  by  the  sudden  deflection  on  the  roof. 

This  "back  pressure"  should  not  be  greater  than  4  to  5  psi.  The  Lovelace  Foundation  indicates  that  this  is  the  thresh¬ 
old  of  the  eardrum  damage  region.  The  back  pressure  curve  which  is  shown  in  Figure  9  is  for  a  circular  structure  but 
will  work  well  for  square  areas.  If  used  for  other  rectangular  shapes,  the  actual  pressure  would  be  greater  than  the  value 
from  the  graph  resulting  in  non-conservative  answers.  The  whole  problem  of  back  pressure  can  be  ignored  if  the  membrane 
has  an  initial  "dish." 


Membranes  Supported  by  Yielding  Beoms 

1^  yieldiiTg  membranes  were  used  in  the  design  of  blast  shelters,  it  might  be  odvantogeous  to  use  yielding  beams  ocross 
the  membrane  to  decrease  the  maximum  deflections.  As  with  the  yielding  membrane  itself,  the  force  in  the  yielding  beam 
would  have  to  be  resisted  in  some  manner.  In  the  following  figures  the  behovior  of  such  reinforced  membranes  is  indicated. 

The  PD/S  versus  z^D 
curves  (Figures  10,  11  and  12) 
are  non-dimensionalized 
pressure  versus  deflection 
curves  for  the  points  of 
maximum  deflection  of  the 
membrane  and  the  center 
points  on  the  bean*.  ,v>r  the 
conditions  of  edge  con¬ 
straint.  The  numbers  inside  e 
the  circles  are  values  of  the  I 
ratio  F/SD  where:  ^ 

F  =  strength  of  beam  and 
membrane 

S  =  membrane  strength 

D  =  short  span  distonce 

The  subscripts  refer  to  the 
locations  of  the  point.  For 
example,  0^  n  refers  to 
the  PD/S  vs.  vD  curve  for 
the  center  point  of  the 
membrane,  when  the  ratio  of 
beam  strength  to  the  product 


c 

IT 


Fig.  9  Peak  Pressure  vs.  Center  Deflection  -  Circular  Membrane 
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of  the  membrane  stren'ith  and  the  span  is  one.  These  graphs  are  for  symmetrical  cases,  i.e, 
conditions  on  both  sides  of  the  supporting  beams  ore  the  some  (see  Figures  13  and  14). 


it  is  assumec 


DYNAMIC  TESTS 


D/namic  tesh  were  conducted  in  the  University  of  Arizona  blast  simulator.  This  simulotor  is  a  plane-wave  generator 
powered  by  a  hydrogen-oxygen  explosion.  The  blast  chomber,  shown  in  Figure  13,  is  a  300  golion,  8  ft.  by  2.3  ft.  dia¬ 
meter  tank  mounted  vertically  on  rubber  bushings  to  a  heavy  concrete  base.  Access  to  the  chamber  is  achieved  by 
unbolting  the  top  section  of  _ _ , _ , - , - - - , - , - ; - - — __ — 


the  tank  and  swinging  the 
bottom  section  and  the  base 
around  a  pivot .  The  2.5  ft. 

X  2.3  fr.  soil  bin  is  then 
exposed  for  the  placement  of 
model  structures,  gauges, 
and  sand.  There  is  also  o 
14  in.  diameter  access  hole 
in  the  bottom  of  the  soil  bin 
and  two  4  in.  diameter 
access  holes  and  windows  ^ 

in  the  top  section .  ^ 

The  blast  wave  is  caused 
by  a  hydrogen-oxygen 
explosion  detonated  by  an 
electric  spark.  Predeter¬ 
mined  quantities  of  hydrogen, 
oxygen,  and  air  ore  measured 
in  the  three  auxiliary  tanks 
on  the  side  of  the  chamber. 
The  air  controls  the  rise  time 
of  the  blast  wave.  The  gases 
are  fed  into  an  evacuated 
plastic  bog  at  the  top  of  the 
tank.  The  explosion  is 
detonated  by  an  electric 
spark  which  is  triggered  by 
the  same  switch  that  starts 
the  recording  instruments. 

The  decay  time  is  controlled 
by  adjustable  exhaust  valves 
and  spuming  washers  between 
the  chamber  sections.  T^e 
decay  curve  is  exponentiol , 

The  detonating  spark  and 
the  gas  bog  are  c  sntered  in 
the  tank  to  minimize  dynamic^ 
imbolonce  during  tests. 

The  overpressure  range 
is  from  0  to  50  psi  with 
variable  rise  times  from  less 
than  one  millisacond  tc  over 
one-tenth  of  a  second,  and 
decay  times  from  one-tenth 
of  a  second  and  up.  The 
blast  waves  could  be  con¬ 
trolled  to  within  10  percent 
from  test  to  test .  The 
instrumentation  and  recording 
devices  included  two  Stothom 


k,7 


rL/  Z 

Fig.  10  vs.  -g  Square  Membrane  with  One  Edge  Beom 


rpkn 


locafian 


rU  Z 

Fig.  1 1  vs.  ;  Square  Membrane  with  Beams  on  Two  Opposite  Edges 
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pressure  transducers  (0  to 
50  psi),  tv.o  Tectronix  dual 
beam  oscilloscopes  with 
uomeras,  one  six-channel 
Brush  recorder,  and  one  two- 
channel  Sanborn  recorder. 

The  blast  simulator  hos 
been  used  to  test  yielding 
membrane  models  above  and 
below  ground.  The  test 
models  were  3.5  to  4.0  inch 
cylinders  which  were  con¬ 
structed  so  that  the  edges 
held  a  membrane  tightly 
clamped  (Figure  16).  The 
investigations  were  made  to 
determine  the  effects  of 
depths  of  burial  and 
structural  flexibility  on  the 
percentage  of  load  carried 
by  the  yielding  elements. 

From  the  tests  nxide  in 
the  blast  chamber,  some 
insight  has  been  gained  into 
the  amount  of  attenuation 
of  overpressure  which  is 
caused  by  soil  cover.  These 
tests  showed  that  soil  cover 
does  attenuate  overpress' 
appreciably;  mainly  due  to 
an  arching  action  in  the 
soil  as  the  membrane  yields. 
Had  these  models  been  rigid 
they  would  have  been  sub¬ 
jected  to  pressures  close  to 
the  surface  overpressure . 

As  can  be  seen  from  the  test 
evidence,  the  arching 
action  was  acting  well 
before  the  model  was  buried 
one-half  the  diameter  and 
at  one  diameter  only  one- 
tenth  of  the  overpressure 
is  felt  by  the  buried 
membrane  roof  (Figure  17). 

These  r«ults  ore  not 
useable  for  prototype  pre¬ 
dictions  because  the 
principles  of  similitude  are 
not  satisfied.  Tiey  do  serve 
to  illustrate  the  attenuotion 
due  to  soil  arching.  The 
orching,  in  this  cose,  hod 
os  a  point  of  support,  the 
edge  ring  of  the  model 
structure.  Hod  this  edge 
I  ing  not  been  present  the 
soil  would  hove  arched  from 
o  point  outside  the  structure. 


Fig.  15  Blast  Simulotor 


Fig.  14  Square  Membrone  with 
Two  Yielding  Beoms 


Fig.  16  Model  Structure  ond  Deformed 
Model  Shells 


SOil  STRUCTURE  INTERACTION 


t;>uf  arc*'  <vCH-'ld  Have  longer  ana  Hatter 

i-ind  ffv.i  the  otteo^ration  ot  overpreivure  «ou!ci 
have  been  lets. 

In  tests  with  the  circular  models,  if  was 
nurea  thot  the  deflected  shape  was  nearly 
sphericol  except  that  near  the  edges  where  the 
soil  arch  was  supported  by  the  structure  the 
curvature  wos  greater.  The  radii  of  curvature 
along  a  diometcr  was  measured  and  by  making 
use  of  the  bosic  formula 


a  fairly  accurate  distribution  of  the  pressure 
across  tne  membrane  was  determined  (Figure  18) 
Note’  a  thin  rubber  sheet  was  placed  over  the 
surface  of  the  sand  to  prevent  the  blast  wave 
from  permeating  the  pores. 

Tests  hove  shown  that  yielding  membranes 
have  the  ability  to  deform  dynamic  overpressure; 
It  has  been  noted  in  the  test  conducted  at  the 
University  of  Ariiona  that  there  is  10  to  20  per¬ 
cent  increase  in  deflection  under  a  dynamic 
load  as  compared  to  the  same  mognitude  of 
overpressure  applied  statically. 


CONCLUSIONS 

Yielding  membrane  structures  which  ore  supported  such 
that  they  can  develop  maximum  strength  in  membrane  action 
are  efficient  components  of  a  shelter  structure.  Preliminary 
studies  attest  to  their  feasibility  and  toughness.  The  true 
dynamic  behavior  of  these  buried  components  needs  further 
study,  but  tests  to  date  indicate  no  great  differences  in 
behavior  between  static  and  dynamic  loodings.  Their 
ability  to  promote  favorable  soil -structure  interaction  while 
remaining  in  stable  non-buckling  configurations  is  one  of 
their  prime  assets.  The  probability  of  survival  (POS)  of 
these  shapes  is  quite  large  because  of  their  ability  to  stably 
iustoln  locdir.gi  In  owvess  of  oesign  overv.'''‘ssunjN , 
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THE  RESPONSE  OF  BURIED  CYLINDERS 
TO  QUA5I-STATIC  OVERPRESSURES 

by 

B.  A.  Donnelion* 


ABSTRACT 

An  experimental  investigation  was  conducted  into  the  response  of  small  buried  aluminum  cylinders  to  quasi-stotic 
overpressures.  The  cylinders  were  4  inches  in  diameter  and  were  buried  with  their  axes  l.orizontal  in  dense,  dry,  20-30 
Ottawa  sand. 

Cylinders  of  two  wall  thicknesses  (t  =  0.035  inch,  d/t  =  1 14;  ond  t  =  0.016  inch,  d/t  =  250)  were  tested  at  depths 
ranging  from  zero  to  two  cylinder  diameters.  Their  behavior  was  evaluated  quantitatively  by  means  of  radial  displacement 
gauges  and  tangentic!  strain  gauges.  Data  corresponding  to  five  overpressure  levels  up  to  140  psi  are  presented.  This 
maximum  value  exceeded  the  theoretical  in-oir  primary  buckling  pressure  of  the  cylinders  by  foctors  of  9.4  and  99. 

Destructive  tests  were  conducted  on  non-instrumented  cylinders  of  six  stiffnesses.  The  maximum  opplied  over¬ 
pressure  was  160  psi  (470  times  the  theoretical  in-air  primary  buckling  pressure  of  the  most  flexible  cylinder).  The  over¬ 
pressure  required  to  cause  collapse  of  the  various  cylinders  was  determined  for  as  many  depths  of  burial  as  the  maximum 
overpressure  would  allow. 

The  destructive  test  data  demonstrate  the  great  resistance  to  collapse  imparted  to  a  cylinder  by  burial.  The 
non-destructive  test  data  afford  a  comparison  between  the  behavior  of  a  relatively  stiff  and  a  relatively  flexible  cylinder 
as  the  depth  of  burial  and  the  overpressure  are  changed.  Two  zones  of  burial  (deep  and  shallow),  based  on  the  behavior 
of  the  cylinders,  are  defined.  Ihese  zones  depend  on  the  rigidity  of  the  cylinder  and  the  magnitude  of  the  overpressure. 

INTRODUCTION 

The  soil -structure  interaction  problem  is  not  new.  One  ospect  of  it,  that  of  the  culvert  and  tunnel,  has  been  the 
subject  of  much  theoretical  and  experimental  study.  The  known  high  load-carrying  capacity  of  the  culvert  and  tunnel, 
together  with  other  advontages  of  burial,  has  attracted  the  attention  of  designers  of  protective  structures, 

A  portion  of  the  research  effort  at  the  Air  Force  Shock  Tube  Facility  is  directed  toward  on  understanding  of  the 
porameters  involved  in  the  design  of  such  structures.  These  po.ometors  include  the  structure's  shape  ond  stiffness,  the 
engineering  properties  of  the  surrounding  medium,  the  depth  of  burial  of  the  structure,  ond  the  peak  magnitude  and  time 
history  of  the  applied  overpressure. 

This  investigation  corKemed  the  response  to  quasi-stotic  overpressures  of  small  cylindrical  structures  (4-'nch  ID) 
buried  with  their  axes  horizontal  in  dense,  dry,  20-30  Ottawa  sand. 

The  fint  phase  of  the  investigation  dealt  with  non-destructive  tests  instrunw'tad  cylinders,  fne  progri'i:t 
allowed  varioHons  !n  t!.e  stiffness  of  the  cylinden,  >3  dept*,  of  burial,  onu  the  overpressure  level. 

Destructive  tests  on  non-instrumented  cylinders  were  conducted  in  the  second  port  of  the  investigation.  The 
intent  wos  to  determine  the  overpressure  required  (maxirvm  ovoilable,  160  psi)  to  cause  collapse  of  cylinders  of  vorious 
stiffnesses  over  as  great  a  range  in  depth  of  burial  os  the  maximum  overpressure  would  oliow. 

Significant  experimental  investigation  into  the  behovior  of  smoll  buried  cylinders  has  been  conducted  by 
Robinson  (I),  Bulson  (2),  and  Whitman  and  Luscher  (3). 

EXPERIMENTAL  PROGRAM 


Scope  of  Investigation 

the  ex^rimental  program  was  divided  into  1)  non-destructive  testing  of  instrumented  cylinders,  ond  2)  destrjctive 
testing  of  non-instrumented  cylinders. 

The  test  cylinders  described  by  Robinson  (1)  and  Bulson  (2)  varied  from  very  stiff  to  very  flexible  (fhe  equivolent 
aluminum  d/i  volues  ro^sged  from  27  to  333).  Testing  outside  of  this  stiffness  range  would  hove  involved  the  problems  of 
handling  on  improcticobly  flexible  cylinder  at  one  end  of  the  scole  and  eliciting  a  meorvrobfe  response  in  the  rang#  of 
overpressure  (140-psi  moximum)  at  the  other  end  of  the  scale.  For  the  instrumented  cylinders,  two  d/\  volues  (114  «sd 
250)  were  chosen  to  fit  conveniently  between  these  two  extremes. 

*kesearc)i  Aisoctotei  fngineer.  Air  Force  Shock  Tube  Focility,  Univenity  of  New  Mexico,  Albuquerque,  New  Mexico. 
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t  mi  0'  t*  e  fe<t  c.>li'ifjffn.  Te'sfs  *ere  -0'-3ucfe^i  j*  jj  "xj^' .  eiev«>^  jitfere  f  fet"',,  r-j'- ji-Q  *rc"  zero  fj  r*;  c.ii'icJer 
jlo'^ter'..  T^e  'Tio<i'»vrr  overpressure  lo  H'e  "on-iestr  jcrive  fesh  js  140  psi . 

T^e  goal  of  the  destructive  tests  -vus  to  deter-xine  tt'e  collap^se  overpressure  tor  C/linders  of  os  'riany  stiffnesses  and 
over  as  great  a  range  in  depth  of  burial  os  the  niaxlrTium  overpressure  ^ould  allow.  1  he  practicol  lirnitation  on  the  maximum 
overpressure  (160  psi)  ond  the  greot  increase  in  resistance  to  collopse  imparted  to  a  cylinder  by  burial  combined  to  curtail 
the  extent  of  destructive  testing. 

Dense  Ottawa  sand  was  used  as  the  surrounding  medium  in  all  tests. 

Description  of  Cylinders 

All  tlie  structures  tested  were  cylinders,  4  Inches  ID  by  16  inches  long.  The  ends  of  each  cylinder  were  sealed  by 
tight-fitting  plates,  held  apart  by  an  axial  rod  so  that  the  axial  forces  on  the  plates  were  borne  by  the  rod  and  not  by  the 
cylinder. 

Instrumented  cylinders  of  two  stiffnesses  were  used.  The  stiffer  cylinder  was  a  commerciolly  available  drawn  tube 
of  6061-T4  aluminum  with  0.035-inc'  wall  thickness.  The  more  flexible  cylinder  was  fobricated  from  2024-C  oluminum 
sheet  of  0.016-inch  thickness,  using  a  i/4-inch  epoxinj  lap  joint.  The  d/'t  values  of  the  two  types  of  cylinders  were  114 
ond  250,  respectively.  The  theoretical  in-air  primary  buckling  pressure,  as  given  by  the  equation  =[2E/(l-v^)]  (t/d)^, 
for  these  two  cylinders  is  14.9  and  1.4i  psi,  respectively  (4).  The  maximum  overpressure  exceeded  these  theoretical 
values  by  factors  of  9.4  and  99. 

The  cylinders  used  in  the  destructive  tests  were  also  manufactured  from  2024-0  aluminum  sheet  with  thicknesses 
of  0.010,  0.012,  0.016,  0.020,  and  0.025  inches,  giving  d/t  values  of  400,  333,  250,  200,  and  160,  respectively. 

Young's  modulus  for  both  alloys  is  10  x  10®  psi.  The  yield  strength,  bcsed  on  0.2  percent  permanent  strain,  is 
16,000  psi  for  6061“T4  aluminum  and  8,000  psi  for  2024-0  aluminum  (5). 

Test  Technique 

The  Cylinders  were  tested  in  a  horizontal  orientation  in  a  bin,  30  inches  in  diameter  and  16  inches  deep,  con¬ 
taining  dense,  dr/,  20-30  Ottawa  sand.  The  sand  wos  sieved  into  position  by  allowing  it  to  foil  free  through  a  flexible 
hose,  funnel,  and  screen  (6),  The  height  of  fall  from  the  end  of  the  hose  to  the  surface  of  the  sand  voried  from  12  to  18 
inches. 

The  surface  of  the  sand  was  maintained  as  close  to  hcrizontol  as  possible  during  placement.  When  the  send 
reached  a  required  level  in  the  bin,  the  cylinder  to  be  tested  was  placed  on  the  send  surfoce.  Core  was  token  to  minimize 
the  generation  of  failure  zones  in  the  sand.  The  sieving  continued  until  the  surface  of  the  sand  reached  a  level  1/4  inch 
below  the  top  of  the  bin.  The  sand  adjocent  to  the  invert  of  the  cylinder  wos  deflected  into  place  to  maintain  a  horizontal 
surface  and  avoid  loco!  shear  failures. 

An  air-tigh?  rubber  membrane  which  extended  over  the  rim  of  tlie  bin  wos  placed  on  the  sand  surface.  The  top 
cover  plate  wos  then  put  in  position  and  tightened  down.  The  surcharge,  in  tSe  form  of  oir  pressure  on  top  of  the  membrane, 
was  applied  at  ohout  5  psi  per  second  ond  then  released.  The  maximum  pressure  wos  160  psi  for  destructive  tests  ond  140  psi 
tor  non-destructive  tests.  Lower  values  were  used  in  the  testi-ng  of  the  more  flexible,  instrumented  cylinder  to  ovoid  its 
collopse  and  the  destruction  of  the  displacement  gauges. 

The  method  o.  placing  a  dense  sand  oroifid  a  fle^toie  cylinder  proved  sotisfoctory .  The  overage  unit  weight 
throughout  the  bin  wos  I  la  lb,  cu  ft  (void  rotio  0.47),  In  about  holf  the  t  nts  the  vorlotion  in  overage  unit  weight  wos 
less  than  0.4  lb,  cu  ft,  and  in  only  about  ten  percent  ot  the  tests  did  if  exceed  I  lb- eu  ft,  figure  I  shows  a  plon  and 
elevation  of  tha  test  bin. 

Instrumental .  un 

the  response  of  each  instrumented  cylinder  fhisHwlwuf  the  iouo.ng  o'xj  urlooding  cvcier  wos  mcnifwed  continu¬ 
ously  by  six  electric  strain  gauges  ond  fi>e  electric  displouemcnf  gouges.  Type  A-i4,  wire-wound,  ooper-boCK  strain 
gauges  monufactured  by  the  Buidwin-Lima-Homilfon  Corporation  were  u*ed.  Lineor  potentiomefen,  manufticfured  by  both 
Computer  Instruments  Corporation  ond  Bourns,  Incorporated,  were  'osed  as  displacement  gouges.  The  strain  gouges  were 
mounted  circunferentiolly  ot  mid-l«rsglh  of  the  cylinders  cn  both  .he  inner  ond  outci  lurfoces  ot  dse  crown,  sprosgliise, 
ond  invert  (Figure  2a),  The  reodingj  frum  eonh  set  of  bock-to-boCk  go«jges  enobled  the  stroin  in  tl»*  woll  of  the  cylinder 
to  be  broken  into  the  direct  u^d  fiexurol  components.  The  dispiocemerst  gauges  '■'ere  insfolled  to  register  the  l  ilotive 
displocement  between  the  cylinder  wall  ond  Ihe  I’iff  oxial  red  supported  by  thft  e.  J  plotrs  (figure  2b).  Two  Oynlsco 
Model  25- ;C  linear  pressure  tromducen  were  installed  in  the  cover  pl-ee  to  manitw  (he  overpressure  in  the  non-desfructfve 
tests. 

The  collapse  overpressures  of  the  non-iostrumented  cylinders  in  the  duntrucrive  tests  were  reod  on  o  Bourdon 
gouge.  The  moment  of  colli^Me  was  mofi.ed  by  o  svoden  reduction  in  overpressure  ond  «  shoro  repost.  The  iocotions  of 
the  pressure  Ironsduceo  and  the  Bourdon  gouge  ore  ihown  in  Figure  * . 
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&!*,  A  A*. 

C-JwHo'-.jn  ^e'~"'ar>s 

|o,  rW  testing  of  $moii  Djfied  strucfor«,  f'  efp  irp  -•!■  .  v  .rce-,  -•  pfT  ■  .  :p  e'  •■i  -.-,  ^  ''p  !*:”,• 

technique  itjelf  and  inevitable  erron  in  -he  recorairyj  jnj  rej  rticy  Jot::. 

There  is  a  definite  possibility  that  silo-t^pe  areninq  ii-  t‘ n  test  ti-  itsel*  ""<j,  ‘  u.e  I  'tluencej  fHe  Lepovl-.r  jt  '"e 
buried  cylinders.  In  a  carefully  built  opporotus  in  which  total  loods  at  both  enn*  of  a  riqic;-,  cjotoined  coi_-^  of  aense, 
20-30  Ottowa  sand  were  measured  hydroulically,  Abbott  (7)  reported  measuring  cni,  abo-t  85  f>ercent  of  the  applied  lood 
when  the  height/ diameter  value  of  tfie  sand  was  0.315,  In  the  writer's  investigation,  the  ratio  between  the  maximum  cover 
over  the  test  cylinders  and  the  diameter  of  the  test  bin  was  only  0.267.  Hence,  it  is  unlikely  that  silo  effects  distorted  tne 
trends  in  the  data. 

It  is  recognized  thot  a  cylinder  length/  diameter  value  of  four  would  inhibit  the  development  of  the  in-oir  primory 
buckling  mode.  However,  the  end  restraints  play  a  smaller  and  smaller  role  as  the  order  of  the  buckling  mode  increases. 

In  addition,  there  are  inevitable  errors  in  the  calibrotion  of  gauges  and  in  the  processing  of  data.  Reduced  data, 
from  tests  conducted  under  supposedly  identical  conuitions,  which  differ  by  less  thon  20  percent  are  considered  satisfactory. 
The  reoder  should  bear  this  in  mind  when  terms  like  "constant"  and  "lineor"  are  used  in  connection  with  the  data. 

The  possibility  of  obtoinirjg  a  theoretical  solution  to  five  problem  of  the  buried  cylinder,  be;:  i  on  realistic  c«ump- 
tions,  is  extremely  remote.  A  theoretical  analysis  cf  the  arching  around  a  movable,  rigid  trapdoor  has  been  mode,  assuming 
constant-volume  olastic  flow  (Bedesem,  et  al  (8)).  An  analysis  of  the  arching  in  o  dilatont  sand  oround  a  flexible  cylinder 
with  on  incompatibility  of  strain  at  the 
sand-cylinder  interface  would  be  much 
more  complex  and  has  not  been  attemp¬ 
ted. 

DATA 

Data  from  the  tests  on  instru¬ 
mented  cylinders  were  obtained  in  the 
form  of  traces  of  gauge  output  versus 
time  on  Polaroid  pictures.  The  sweep 
speed  was  5  sec/cm.  The  vertical  grid 
lines  on  the  pictures  corresponded  to  the 
some  times  in  ony  one  test.  No  time 
log  between  the  application  or  releose 
of  pressure,  os  recorded  by  the  pressure 
gouge,  and  the  response  of  any  disploce- 
ment  or  strain  gouge  could  be  detected. 

It  wos  thus  possible  to  line  up  the 
pressure-time  Iroces  with  the  gouge 
output-time  Iroces  ond  reod  the  output 
of  the  gotjges  at  ony  desired  overpressure 
level .  Overpressure  levels  of  10,  IKI, 

50,  100,  «id  140  psi  (the  moximum 
value)  were  chosen  oibitrorily  for  the 
poitroyoi  of  the  do»o.  Figure  3  shows 
the  mxjner  in  which  the  gouge  doto 
were  correioted  with  the  pressure-time 
troces. 

The  deflections  { t )  ond  the 
deptfrt  of  cover  (c)  were  normolited  by 
dividing  by  the  diometer  of  the  structure 
(d).  The  normolized  deflection  wtn  the*i 
cxprcMed  os  a  percentage  >  In  the 
motority  coses  at  leost  three  tests 
were  co.nducted  of  each  depth  of  buriol . 

Only  the  overoge  v'r‘lu«  from  eoch  depth 
wos  plotted. 

An  effort  was  mode  to  ovoid 
the  irKiusion  of  many  similor  plotsj  those 
presented  were  selected  to  illus^e 
bef-ovior  of  cylirsders  at  both  derp  end 
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shallow  burial.  In  this  paper  a  cylinder  is  considered  to  be  deeply  buried  when  the  observed  phenomena  are  independent 
of  or,  at  least,  vary  little  with  c/d  in  the  overpressure  range  tested.  A  cylinder  is  considered  to  be  buried  at  shallow  depth 
when  the  observed  phenomena  vary  considerably  with  c/d  in  the  overpressure  range  tested.  These  definitions  proved 
satisfactory,  as  the  distinction  was  quite  sharp.  It  was  best  exemplified  by  the  displacements  and  strains  at  the  crown 
(Figures  4a  and  5). 

Tests  were  not  caiducted  on  the  more  flexible,  instrumented  cylinder  at  small  c/d  values  lest  collapse  of  the 
cylinder  and  damage  to  the  displacement  gauges  occur. 

It  will  be  observed  that  occasionally  some  data  points  are  missing  from  the  figures.  This  is  due  to  the  fact  that 
the  signals  on  the  Polaroid  pictures,  for  some  reason,  were  unintelligible. 


Section  A-A 


(a)  Strain  gauges 


Stiff,  Instrumented  Cylinder  (d/t  =114) 

Displacements.  Plots  of  the  normalized  radial  displacement  (5/d)  versus  c/d  are  presented  in  Figure  4  for  each 
of  five  overpressure  levels. 

The  displacements  at  the  crown  showed  an  essentially  constant  inward  movement  of  the  cylinder  with  depth,  except 
for  o  sharp  increase  at  small  c/d  values  (Figure  4a).  The  c/d  value  at  which  this  change  in  behavior  took  place  increased 
with  the  overpressure.  At  the  i 

lowest  value  of  10  psi,  no  ^  ^ 

change  in  behavior  with  c/d  |  2 

is  exhibited;  and  at  the  high-  — - 

est  value  of  140  psi,  the  1 

change  takes  pLce  at  a  c/d  /  \ 

value  of  about  1/2.  /  \ 

Displacement  gauge  /  q  \  a 

2,  inclined  at  45°  above  the  _ ^ _ ^  _ _ _  +  - ||j — 

horizontal,  registered  an  j  I  I 

inward  displacement  which  \  j 

remained  constant  with  depth  \  / 

for  each  overpressure  level  I  Nv  ^  / 

when  c/d  was  equal  to  or  _ 

exceeded  \/l  (Figure  4b).  _ 

At  smaller  c/d  values,  the  _ ^  ^  ' 

output  of  the  gauge  decreased  Section  A-A 

andactually  reversed  sign  at  Strain  gauges 

the  higher  overpressure 

levels.  Two  points  are 

worthy  of  mention  regarding 

this  change  in  behavior. 

First,  the  c/d  value  at  which 

the  change  took  place  ap-  _ ^  g  4 

pears  to  be  independent  of  I  I 

overpressure,  ot  least  in  the  f—  y  ■■  —  —  ' 

range  of  oveipressure  con¬ 
sidered.  Second,  both  the  i  1 

inward  displacement,  when  [  ^  2 

c/d  was  equal  to  or  greater  “  1  '  y  Q  i  i 

than  1/  2,  and  the  outward  J  1  > _ j  | _  4. _ ^ _ 1  I _ 1  1  J  _ 

displacement,  when  c/d  was  i  1  1  '  '  I  '  '  I 

less  than  ouout  5/16,  - jj  H  i-  - a - g —  » 

increased  in  magnitude  wi^h  I  1  6  \ 

overpressure .  '  "^5  n. 

Displacement  gouge  , , 

3  monitored  the  movement  ot  ————— 
the  rpringline.  The  response  c  j  n  n 

curves  indicate  an  outward  ® 

displocement  at  all  times  (b)  Displacement  gauges 

(Figure  4c).  At  the  lower 
overpressure  levels,  the  out¬ 
put  of  the  go'uge  proved 

insensitive  to  c/d.  However,  Fig.  2  Arrongement  of  Gauges 


Section  B-B 


(b)  Displacement  gauges 


Fig.  2  Arrongement  of  Gauges 
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of  the  maximum  overpressure  level  of  140  psi,  the  o.  tixord  movement  increased  significantly  as  c/d  was  reduced  from  2  to 
1/4.  No  tests  were  conducted  at  lower  c,  6  values  for  this  overpressure. 

Figure  4d  shows  plots  of  the  date  from  displocement  gouge  4  which  was  inclined  45  below  the  horizontal .  For 
all  proctical  purposes  it  can  be  said  that  the  rodial  displacements  were  outward  and  constant  with  dept.-,  for  eoch  over™ 
pressure  level  when  c/d  exceeded  a  certain  value.  This  value  increased  with  the  overpressure.  At  low  c/d  volues  the 
output  of  the  gauge  decreased.  At  c/d  equal  to  zero  and  for  an  overpressure  of  100  psi,  the  displocement  reversed  sign. 
There  are  indications  that  still  greater  inward  displocements  would  hove  occ-jrred  at  higher  overpressure  levels. 

The  deflections  at  the  invert  were  inward  and  increased  in  a  linear  manner  for  all  cverpiessure  levels  as  c/d  was 
reduced  to  1/8  (Figure  4e).  At  smolier  c/d  volues,  a  shorp  reduction  in  output  of  the  gouge  took  ploce.  This  behavior 
is  documented  by  two  tests  at  c/d  equal  to  1/16  and  three  tesrs  at  c/d  equal  to  zero. 

Strains.  Figures  5  to  7  present  tf)e  strain-gauge  data. 

Tlie  curves  in  Figures  5a  and  5b  shew  the  voriations  in  strain  on  the  interior  and  exterior  surfoces  with  respect  to 
c/d  for  five  overpressure  levels.  Three  focts  can  be  noted  from  these  plots.  First,  relatively  large  strains  were  recorded 
at  low  c/d  values.  These  strains  were  tensile  on  the  interior  surface  end  compressive  on  the  exterior  surfoce.  Second, 
the  response  of  both  gauges  was  essentioMy  independent  of  the  cover  when  c/d  exceeded  c  value  of  about  1/2.  In  this 
ronge  of  c/d,  the  strains  on  the  interior  surface  were  tensile  at  l!>w  overpressures  but  compressive  ot  the  higher  levels. 
Third,  rhe  c/d  value  at  which  the  change  in  behavior  took  ploce  increased  with  the  overpressure  and  may  be  as  large  os 
5/8  for  the  strain  on  the  exterior  surface  at  140  psi  overpressure. 

Figures  5c  and  5d  show  the 
direct  and  flexural  components  of  strain 


at  the  crown  plotted  against  c/d.  The 
comments  about  the  total  strains  can  be 
applied  equally  well  to  the  components 
of  stroin.  The  flexural  strains  increased 
significantly  as  c/d  was  reduced  to  low 
values. 

Figure  6  shows  plots  of  the 
strain-gauge  data  at  the  springline. 

The  data  are  somewhat  erratic,  but 
some  trends  are  evident.  As  was  the 
case  with  the  displacements  along  a 
horizontal  radius  (Figure  4c),  neither 
the  total  strains  nor  the  components  of 
strain  proved  sensitive  to  c/d.  This  is 
significant  in  that  the  direct  strain  at 
the  springline  is  indicative  cf  the 
vertical  load  on  the  cylinder.  The 
direct  compressive  strains  in  Figure  6c 
indicate  that  somewhat  less  than  50 
percent  of  the  applied  overpressure 
was  carried  by  the  cylinder.  The 
flexural  strains  ore  of  the  order  of 
one-half  the  direct  strains.  However, 
Figure  6d  indicotes  that  at  higher 
overpressures  und  low  c/d  values  the 
flexural  strain  might  increase  signifi¬ 
cantly. 

The  strains  ot  the  invert  were 
monitored  by  strain  gouges  5  and  6, 
and  the  data  were  plotted  in  Figu"':  7. 
No  significance  should  be  attached  to 
the  fact  t^-at  the  cur.'es  of  strai  .  versus 
c/d  ore  t.  $,  The  origin  o*  this 
effect  proDaoly  lies  in  inevitoble 
variations  in  the  seating  of  the  cylin¬ 
der.  Little  tendency  toward  a  sudden 
increase  in  total  strain  or  components 
of  strain  ot  low  c/d  values  is  exhibited 


(a)  Overpressure  v*. .  time 
(sweep  spee"'  ec/cm 


(b)  Strain  or  displace¬ 
ment  vs .  time  (sweep 
speed  5  sec/cm) 


Qauga  output  at  100-psl 
overpressure 


by  the  curves.  The  flexural  strains 

exceeded  the  direct  strains  by  a  factor  Fig.  3  Correlation  of  Gouge  Output  with  Overpressure 

of  about  two . 
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General  Behovior.  In  assessing  the  overall  behavior  of  the  cylinder,  it  was  helpful  to  bear  in  mind  the  mode  of 
failure  in  the  destructive  tests.  Collapse  in  these  tests  wos  found  to  be  initiated  by  snap-through  at  the  crown.  This  fact 
is  jtated  explicitly  for  two  reasons.  First,  the  very  flexible  cylinders  tested  by  Bulson  (2)  first  showed  distress  in  the 
vicinity  of  the  invert.  Second,  in  dynamic  tests  ot  the  Air  Force  Shock  Tube  Facility,  in  which  identical  buried  cylinders 
were  subjected  to  plane  wave  loading,  collapse  was  found  to  take  place  at  the  invert. 

There  is  no  doubt  that  more  information  on  the  displacements  and  strains  in  the  quasi-static  test  cylinders  would 
help  in  establishing  their  overall  behovior.  However,  some  significant  observations  can  still  be  made. 

Figure  8  shows  the  normolized  displacement,  direct  strain,  and  flexural  strain  for  a  deeply  buried  cylinder 
(c/d  =  3/4).  The  displacements  at  the  crown  and  invert  were  inward.  The  deflections  at  the  springline  were  outv/ard  and 
smaller  in  magnitude  than  those  at  the  crown.  On  the  radii,  inclined  45°  above  and  below  the  horizontal,  the  deflections 
were  inward  ond  outward,  respectively.  The  magnitude  of  the  displacement  at  each  of  the  five  gauge  locations  increased 
with  the  overpressure. 

The  direct  strain  varied  little  between  the  three  gauge  locations  and,  bearing  in  mind  the  inherent  spread  in  data 
of  this  type,  could  be  considered  constant.  A  tendency  toward  a  somewhat  greater  direct  strain  at  the  springlinv'i  than  at 
either  of  the  other  two  stations  can  be  seen,  especially  at  the  higher  overpressure  levels. 

The  flexural  strains  were  least  at  the  springline,  larger  by  a  factor  of  about  two  at  the  crov/n,  and  larger  still  at 
the  invert.  Those  at  the  invert  exceeded  those  at  the  crown  by  u  factor  of  about  four.  This  means  that  the  flexural  strains 
ot  the  invert  exceeded  those  at  the  springline  by  o  factor  of  seven  or  eight.  Even  though  the  deflections  at  the  crown  and 
invert  were  of  the  same  order  of  magnitude,  the  curvature  was  greater  at  the  invert,  thus  accounting  for  the  larger  flexural 
strains. 

Similar  data  for  a  case  of  shallow  burial  (c/d  =  1/16)  are  presented  in  Figure  9. 

The  displacements  at  the  crown  were  larger  than  for  the  deeply  burled  cylinder  (Figure  4a),  The  displacements 
at  the  springline  remained  essentially  unchanged  (Figure  4c).  The  displacements,  on  a  radius  inclined  45°  above  the 
horizontal,  were  zero  for  the  lower  overpressures  and  outward  for  the  100  psi  overpressure  level.  The  outward  movement 
is  indicative  of  the  formation  of  a  mode  of  relatively  high  order  in  the  vicinity  of  the  crown.  Figure  4b  indicates  that  the 
outward  displacements  would  be  even  greater  at  140  psi  overpressure,  provided,  of  course,  collapse  did  not  occur. 

The  deflections  on  an  inclination  45°  below  the  horizontal  were  outward  but  smaller  in  magnitude  than  the 
corresponding  values  for  a  deeply  buried  cylinder  (Figure  8).  Furthermore,  as  the  overpressure  wos  increased,  the  magni¬ 
tude  of  the  movement  increased  when  the  cylinder  was  deeply  buried,  but  decreased  when  buried  ot  shallow  depth. 


f-*  - 


Direct  mi  crust  rain 


Flexural  mlcrostraln 


(a) 


(b) 


(c) 


Fig,  8  Normalized  Radial  Displacement,  Direct  Strain,  and 
Flexural  Strain  (c(/t  =  114,  c/d  =  3/4) 
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Figure  4d  indicates  that  an  inward  movement  would  have  taken  place  at  this  cover  (c/d  =  1/16)  if  higher  over¬ 
pressures  had  been  used.  Again,  this  would  be  dependent  upon  the  cylinder  remaining  intact.  At  the  invert  the  displace¬ 
ments  were  inward  and  also  of  smaller  magnitude  than  when  the  cylinder  wos  deeply  buried. 

Two  observations  are  worthy  of  note  from  Figures  9b  and  9c.  First,  the  magnitudes  of  the  direct  strains  and 
flexural  strains  at  the  springline  and  invert  were  essentially  the  some  for  shallow  as  for  deep  burial.  Second,  a  large 
increase  in  the  flexural  component  and  a  somewhat  smaller  though  significant  increase  in  the  direct  component  of  strain 
took  place  at  the  crown.  The  flexural  strain  increased  by  a  factor  of  two  at  10  psi  overpressure  and  by  a  factor  of  four 
at  100  psi  overpressure.  An  increase  of  75  percent  in  the  direct  strain  at  100  psi  overpressure  was  recorded. 

Figure  10  affords  a  comparison  at  an  overpressure  level  of  100  psi  between  the  displacements  and  components  of 
strain  in  a  deeply  buried  cylinder  (c/d  =  3/4)  and  in  a  cylinder  at  shallow  depth  (c/d  =  1/16).  The  deflection  diagram  in 
Figure  lOo  shows  the  increase  in  the  order  of  the  deflection  mode  in  the  neighborhood  of  the  crown,  as  c/d  was  reduced. 
Curiously,  the  reverse  took  place  at  the  invert.  Since  collapse  in  this  series  of  quasi-static  tests  has  been  found  to  be 
precipitated  by  snap-through  at  the  crown,  the  deflections  of  the  lower  jy^rflon  of  the  cylinder  probably  had  little 
influence  on  the  collapse  overpressure. 

Figure  10b  indicates  that  the  direct  strain  at  the  crown  increased  about  75  percent  while  that  at  the  springline 
and  invert  remained  unchanged  when  c/d  was  reduced  from  3/4  to  1/16. 

The  flexural  strain  (Figure  10c)  showed  an  insignificant  increase  at  the  invert,  a  50  percent  increase  at  the 
springline,  but  a  four-fold  increase  at  the  crown  where  c/d  was  reduced  from  3/4  to  1/16.  It  can  be  seen  in  Figure  5d 
that  the  flexural  strain  at  the  crown  increased  two-fold  at  100  psi  overpressure  when  c/d  was  reduced  from  1/16  to  zero. 
Thus,  at  this  overpressure,  the  flexural  strain  at  the  crown  varied  by  a  factor  of  at  least  eight  over  th,^  range  in  c/d.  The 
indications  from  Figure  5d  are  that  this  factor  would  be  even  larger  at  greater  overpressures. 

Flexible,  Instrumented  Cylinder  (d/t  =  250/ 

Displocements.  The  normolized  radial  displacement  (5/d)  was  plotted  versus  c/d  in  Figure  11  for  each  of  five 
overpressure  levels. 

In  the  range  of  c/d  tested,  the  displacements  at  the  crown  increased  linearly  as  the  cover  was  reduced  (Figure 
11a).  No  tendency  toward  a  sharp  increase  in  deflection  was  detected  in  the  range  of  overpressure  tested. 

The  displacements,  along  a  radius  inclined  45°  above  the  horizontal,  were  plotted  in  Figure  11b.  All  movement 
was  inward.  A  reduction  in  the  magnitude  of  this  movement,  similar  to  the  behavior  of  the  stiffer  cylinder  (Figure  4b), 
took  place  when  c/d  was  less  than  one. 


Fig.  9  Normalized  Radial  Displocement,  Direct  Strain,  and 
Flexural  Strain  (d/t  «  114,  c/d  »  1/16) 
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In  Figure  1  Ic  Lhe  displacements  at  the  springline  were  plotted.  The  outward  movement  at  f!ie  springline  increased 
linearly  as  c/d  was  reduced  from  2  to  3/L,  At  the  latter  value,  a  sudden  reduction  in  output  of  the  "Po"”  tock  place. 

When  c/d  equaled  about  5/8,  zero  displacement  was  recorded  for  all  three  overpressure  levels  testec.  ,  ill  small  sr  c/d 
values,  the  gauge  recorded  inward  movement  of  the  cylinder.  At  a  c/d  value  of  1/2,  the  magnitude  of  the  inward  move¬ 
ment  was  almost  as  great  as  that  of  the  outward  movement  at  a  c/d  value  of  3/4.  Still  greater  inward  deflections  of  the 
cylinder  were  recorded  when  c/d  equaled  1/4.  No  tests  were  conducted  on  cylinders  of  this  stiffness  (d/t  =  250)  at 
shallower  cover.  It  can  be  seen  from  Figure  1  Ic  that,  regardless  of  sign,  the  magnitude  of  the  movement  increased  with 
the  overpressure.  These  inward  displacements  at  the  springline  are  considered  of  great  significance  and  will  be  discussed 
later.  ^ 

The  displacements,  along  a  radius  inclined  45  below  the  horizontal,  were  plotted  in  Figure  1 1d.  The  data  are 
erratic  and  do  not  follow  any  pattern. 

The  displacement  dota  from  the  invert  were  plotted  in  Figure  lie.  The  displacements  were  inward  and  increased 
for  all  overpressure  levels  when  c/d  was  reduced  from  3/2  to  3/4.  At  c/d  values  less  than  3/4,  a  sudden  reversal  in  sign 
took  place;  and  outward  movements  were  recorded.  The  significance  of  this  behavior  is  not  understood.  It  will  be  recalled 
that,  for  the  same  gauge  location  in  the  more  rigid  cylinder,  a  sudden  reduction  in  inward  displacement  but  no  reversal  in 
sign  took  place  at  small  c/d  vaiues  (Figure  4e). 

Strains.  The  strain-gauge  data  are  presented  in  Figure  12.  These  dota  are  very  erratic.  The  explanation  advanced 
is  that  local  buckling  developed  in  a  random  manner  in  the  very  flexible  cylindrical  shell  and  resulted  in  spurious  strains. 

The  data  are  not  conducive  to  detailed 
discussion,  but  some  pertinent  remarks 

may  be  made.  Microstrain  Microstrain 

The  inters  strain  gauge  at  the  *  *  I  •  +  -  - - 1 

crown  recorded  tensile  strains  when  c/d  600  400  200  0  200  800  bOO  cOO  200  0 

was  less  than  about  1  (Figure  12a).  j  1330SO  1  | 

The  output  of  the  interior  strain  \  t  Wf  ‘  r  ‘  ~ 

gauge  at  the  springline  (Figuia  12c)  - .j - j - 1/2  ^  L  t  ♦  ^  1/2 

proved  very  similar  to  that  of  the  corres-  !  W  "o  /\\  I  •o 

ponding  gauge  on  the  stiffer  cylinder  !  30  ^  ^  vl-/  fi  ^ 

(Figure  60),  The  tensile  strains,  — t-i - -/ pin  -  [ - — 

recorded  by  the  exterior  strain  gauge  ot  V  lOO /snA/K  /  ?  I 

the  springline  when  c/d  was  less  than  J  y/[l0  I  lOO^'^Siy  /u> 

3/4  (Figure  12d),  ore  not  consistent  ^  l  -/.-U  ^3/2 

with  the  inward  movement  at  the  ipring- 

line  shown  in  I'lgjre  11c,  Assuming  Mlcrostralr^  Mlcrostraln  _  ,  j  ,  , 

both  sets  of  data  ore  correct,  this  can  ^0^  200  0  lOOO  800  600  coo  200 

be  accounted  for  only  by  postulating  I  '  |  j  j  j — ^ — *7* - 

the  occurrence  of  local  bucki  i.sg ,  — ^  t  ‘  f  I  17 

The  capricious  natue  of  the  _ \  \  \  .  ^  |  ;  LI  1/1 

strains  at  the  invert  is  not  entirely  To  j  f  t  -o  v  ^  *  '  '  I  a 

unexpected.  Bulson  (2)  found  that  for  ***  7  f  \  ^  ^  ^  ^  ^ 

very  flexible  cylinders  it  was  the  invert  1  .1  i  i  p  «  l 

which  first  showed  distress  under  load,  f  t  1  X^i'eo '  I  /  ^  ^ 

Furthermore,  inegulorlties  in  the  density  |  LA\  ^ W  \i  j  ^ 

of  the  sand  may  hove  occurred  near  the  U  .IL.  J-  3/2  V  1  -  «  L  i  i  )/2 

invert.  (c)  Strain  gauge  3  (4)  Strain  gauge  k 

General  Behavior.  To  empho-  Hlcroatraln  , 

size  the  signthlce^e  of  tisc  inwml  '  ^  '  *  Mlcroatraln  •  ^  ^  *  * 

„  H»  vringhr.  ol  m.11  c/d  WO  W  iOO  0  ><><>  ,  yMO  .»«.  »<»  °  M 

volues  (Figure  lie),  two  deflected  I  |  ■  |  ^  /^\  j  i  ♦ 

shop<»t  were  drown  In  Figure  13,  Both  ^  '  C  S  )  i  i 

cofretpond  to  on  overpnHSure  of  50  psi,  -  |  i  TT  . * . ^  ^ 

but  one  is  for  deep  buriol  (e/d  *  3/4),  \  j  !  ^  ^  5 

and  the  other  is  shol low  buriot  ^  i  j  1  “ 

(c/d- i/2).  The  distinction  Is  boied  on  -  »h . '  ‘ 

the  change  in  behavior  ot  the  tpringline  I  !  I  VStJO  ;  p.I>fooy^l/A  / 

The  deeply  buried  cylinder  _ j  _  j _ /  i  j/2 

deflected  in  0  low-order  mode.  Ois-  (a)  Strain  gauga  5  ff)  Strain  gauga  6 

piocements  were  inward  ond  of  about 
equal  mognihide  ot  the  crown  ond  invert. 
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(a)  Strain  gauga  5 


Fig.  12  Strains  Wt  *  250) 
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At  the  springline,  displacements  were  outward  and 
equal  in  magnitude  to  about  one-half  of  those  at  the 
crown.  The  movements  along  radii  inclined  45°  above 
and  below  the  horizontal  were  both  inward  and  equal  in 
magnitude  to  about  one-quarter  of  those  at  the  crown. 

The  cylinder  at  the  shallower  cover  assumed  a 
high-order  mode,  at  least  near  the  crown.  This  is  mani-  § 
fested  by  the  fact  that  the  inward  movement  at  the  crown 
was  greater,  while  the  inward  movement  along  a  radius 
inclined  45*^  above  the  horizontal  was  less,  than  the 
corresponding  deflections  in  the  deeply  buried  cylinder. 

At  the  springline,  the  inward  displacement  at  shallow 
burial  wos  about  equal  in  magnitude  to  the  outward 
displacement  at  deep  burial .  Furthermore,  this  inward 
displacement  increased  still  more  when  c/d  was  reduced 
from  1/2  to  1/4  (Figure  11c).  On  u  radius  inclined  45° 
below  the  horizontal,  the  inward  displacement  was  very 
large,  exceeding  the  corresponding  value  at  deep  burial 
by  a  foctsr  of  more  than  six.  The  displacement  was, 
curiously,  outward  at  tfie  invert.  The  reason  for  this  is 
not  understood.  With  the  exception  of  this  outward 
reading  at  the  invert,  all  other  displacement  gauges 
recorded  on  inward  movement  of  the  cylinder  at  shollow 
burial . 

Comparison  of  Stiff  ond  Flexible,  Instrumented  Cylinders 

In  spite  of  a  lack  of  experimental  data  for  the 
more  flexible  cylinder  at  small  c/6  values,  a  comparison 
between  cylinders  of  both  stiffnesses  shows  many  simil¬ 
arities  01. J  some  differences. 

The  deflected  shapes  of  both  cylinden  for 
different  conditions  of  burial  ore  shown  on  the  same 
diagrams  in  Figure  14,  The  data  in  both  diagrams 
correspond  to  the  same  overpressure  of  50  psi . 

Figure  14a  shows  the  displacements  at  a  c/d 


Fig.  13  Normolized  Rodial  Displacement 
ot  50  psi  Overpressure  (dl,/t  =  250) 


value  of  3/2<  Both  cylinders  deflected  outward  obout  an  equal  omount  ot  the  springline.  However,  it  is  seen  that  the 
more  flexible  cylinder  assumed  o  “flatter"  shape,  indicating  o  higher  level  of  distress. 

When  c/d  wos  reduced  to  1/2  (Figure  14b),  the  stiffer  cylinder  showed  little  change.  But  the  level  of  distress 
in  the  more  flexible  cylinder  become  much  greater.  The  inward  deflection  at  the  crown  increased;  the  outward  deflection 
at  the  springlirte  (c/d  =  3/2)  gave  way  to  an  inward  deflection  of  about  the  some  magnitude;  and  a  very  large  inward 
deflection  took  place  on  a  rodius  inclined  45°  below  the  horizontal.  Allusion  hos  already  been  mode  to  the  outward 
movement  of  this  cylinder  (c/d  1/2)  ot  the  invert.  It  probably  would  have  little  effect  on  the  resistance  of  the  t^iper 
portion  of  the  cylinder  to  snap-through. 


The  deflected  shapes  in  Figure  14b  portray  the  different  kinds  of  behovior  at  the  sprirtgline  for  the  two  cylinders 
at  the  some  overpressure  ond  depth  of  burial . 


A  comporisxi  between  the  behavior  of  the  two  cylinders  at  nearly  the  some  multiple  of  their  respective  theoretical 
in-air  primary  buckling  pressures  con  be  mode  by  comparing  the  response  of  the  stiffer  cylinder  (^t  »  1 U)  ot  140  pii  over- 
ptvuut*  to  the  response  of  the  more  flexible  onm  {6/t  •  2S0)  ot  10  psi  overpressure  (7. 1  p^.  From  Figures  4a  and 

I  la  it  con  be  seen  that  the  inword  movement  at  the  crown  in  the  stiffer  cylinder  is  several  timn  greoter  then  the  corres¬ 
ponding  movement  in  the  more  flexible  one.  The  some  is  true  of  the  inward  movement  oi>  o  radius  inclined  45°  above  the 


horizontal  (Figures  4b  wid  1  lb)  ortd  the  outward  movement  at  the  sprtngline  (Figures  4c  and  1 1c). 


For  the  more  rigid  cylinder  (6/t  ^  1 14),  the  first  indicotion  of  a  significant  chonge  in  behovior  os  the  cover  was 
reduced  was  provided  by  displocement  gouge  2  (Figure  4b).  This  gouge  wos  inclined  45^  above  the  horizontol.  The 
change  in  behovior  took  place  when  c/d  equaled  1/2  for  ail  overpressure  levels. 

The  displacement  and  strain  gouges  at  the  crown  olso  exhibited  a  chonge  in  output  as  the  cover  was  reduced 
(Figures  4  and  5).  The  c/d  volues  at  which  these  changes  occurred  were  not  olwoys  well  defined;  however,  the  greater 
the  overpressure,  the  greater  this  c/d  value.  These  c/d  volues  separate  zortes  of  shollow  ortd  deep  burial.  The  phertomenon 
is  best  illustrated  by  the  displocemenis  (Figure  4o),  the  strains  on  the  exterior  lurfoce  (Figure  Sb),  ond  the  flexural  com- 
portent  of  strain  (Figure  5d).  A  c/d  volue  of  1/2  is  again  ossociatsKi  with  the  minimum  voiue  for  deep  burial  ot  140  psi 


460 


ANALYTICAL  AND  EXPERIMENTAL  STUDIES,  II 


■u 

o 


O 

o 


•a 

•o 

o 

o 


d/t 
1  —  114 
2--250 


(a)  c/d  -  3/2  (b)  c/d  -  1/2 

Fig.  )4  Normalized  Radiol  OitplocemenL  ot  50  pii 
Overpreuure  (d/t  =  IM  and  250) 

overpressure.  Whether  this  value  increases  of  higher  overpressure  levels  is«  considering  the  ovoiloble  data,  subject  to 
conjecture.  No  curve  separating  deep  from  shallow  burial  is  evident  from  the  strains  on  the  interior  surface  (Figure  5a), 
probably  becouse  these  strains  represent  the  superposition  of  two  comporwnts  of  unlike  sign. 

It  is  not  possible  from  ovoiloble  dota  to  delineate  zones  of  deep  and  shoilow  buriol  for  the  more  flexible  cylinder 
(44  *  250).  However,  this  cylinder  exhibited  changes  in  behavior  at  depths  greater  then  the  c/d  voiue  of  1/2  ossocioted 
with  the  more  rigid  cylirsder.  The  curves  of  displocements  ot  the  springiine  ond  invert  break  sharply  at  o  c/d  value  of 
3/4  (Figures  lie  ond  lie). 

Destructive  Tests,  Non-lnstrumented  Cylinders 

table  1  presents  the  results  of  the  destructive  tests  on  non'instrumented  c/lirtders.  It  shows  the  six  convenient 
4/t  values  selected  for  testing,  the  theoretical  in>oir  primary  buckling  pressure  (p.^)  of  eoch,  ortd  the  experimental 
collopse  overpressure  ot  three  c/d  values.  The  experimental  values  are  olso  stated  in  nwitiples  of  p^^.  Within  the 
maximum  ovoiloble  overpressure  (160  psi),  only  four  cylinders  could  be  collapsed  even  ot  zero  cover,  ond  not  even  the 
most  flexible  could  be  collapsed  when  c/d  exceeded  1/8.  The  moximum  overpressure  was  470  timH  the  theoretical  in-oir 
primory  buckling  pressure  of  the  most  flexible  cylinder. 

As  expected,  the  overpressure  required  ta  cause  collapse  at  o  particular  c/d  value  increosed  with  depth  of  buriol . 
However,  it  wot  the  lorge  increase  In  the  experimental  collapse  overpressure  for  ony  one  cylinder,  when  c/d  was  increased 
from  zero  to  1/16,  that  proved  most  interesting. 

The  more  flexible  the  cylinder,  the  greoter  ww  the  ratio  between  the  experimental  collapse  overpressure  and  the 
theoreticol  in-air  primary  bucHing  pressure.  A  cylinder  with  o  rb't  voiue  of  400  collapsed  ot  an  overpressure  of  265  p 
when  c/6  wos  1/8.  At  the  some  depth  of  burial,  a  cylinder  whose  6/t  wos  250  collapsed  at  97  p 
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Table  1 

Results  of  Destructive  Tests 


Cylinder  Stiffness 
(d/t) 

Theoretical  In-Air 
Primary  Buckling 
Pressure , 

Experimental  Collap^ie 

Overpressure 

(psi) 

c./d  “  zero 

c/d  -  1/16 

c/d  -  1/8 

<:/d  -  1/4 

,  ,2)(dJ 

(psi) 

400 

0.34 

12  (35 

42  (124  p  ) 
'^cr 

90  (265  p^,^) 

-- 

333 

0.59 

18  ni  p^^) 

84  (142  p  ) 
'^cr 

152  (257  p^^) 

-- 

250 

1.41 

28  (20  p^^) 

133  (94  p  ) 

137  (97  p^^) 

-- 

200 

2.75 

^0  (15  p^^) 

140  (51  P  ) 

^cr 

-- 

-- 

160 

5.37 

-- 

-- 

-- 

-- 

It  is  not  possible  to  determine  from  the  small  omount  of  doto  ovoiloble  if  zones  of  shallow  buriol  and  deep  burial 
for  cylinders  of  various  stiffnesses  can  be  established  from  destructive  tests. 

It  is  worthy  of  note  that  in  the  stiffer  instrumented  cylinder  (d/t  =  1 14),  very  large  stroins  were  recorded  ot  the 
crown  at  100  psi  overpressure  and  zero  cover  (Figure  5b).  Yet  collopse  could  not  be  induced  at  160  psi  overpressure  and 
the  same  condition  of  buriol . 


CONCLUSIONS 

The  following  conclusions  are  drawn  from  the  results  of  this  experimental  investigotion; 

1 .  The  increase  in  the  resistance  to  collapse  of  cylinders  by  buriol  in  dense  send  wos  demonstroted .  Tt  e 
existence  of  very  large  strains  does  not  imply  the  imminence  of  collopse. 

2.  The  overpressure  required  to  couse  collopse,  os  meosured  in  destructive  tests  over  o  very  smoll  ronge 
in  depth  of  buriol,  increosed  with  the  depth  of  buriol.  Collopse  occurred  by  snop-throwgh  ot  the 
crown, 

3.  The  rotio  of  the  overpressure  required  to  couse  collapse  ot  ony  depth  to  the  theoreticol  in-olr  prirmwy 
buckling  pressure  voried  irwersely  with  stiffness. 

4.  Two  zones  of  burial  were  defined  by  the  voriotions  in  the  magnitudes  of  the  diiplocements  and  stroin' 
at  the  crown  of  the  stiffer,  instrumented  cylinder.  In  the  first  zone  (shollow  burial),  the  displocements 
ofsd  stroins  were  highly  somitive  to  smoll  chotsges  in  depth  of  burial.  In  the  second  zone  (deep  buriol), 
the  displocements  or>d  stroins  were  insensitive  to  changes  in  depth  of  buriol.  The  minimum  depth  re¬ 
quired  for  deep  burial  increased  with  the  overpressure. 

5.  The  deflected  shope  ossumed  by  0  buried  cylinder  depends  on  its  stiffness  and  zone  of  burial.  Deeply 
buried.  Instrumented  cylinders  of  both  stiffnesses  deformed  into  low-order  modes.  At  shollow  burial, 
the  more  rigid,  irrstrumented  cylinder  ossumed  o  high-order  mode  in  the  vicinity  of  the  crown.  Agoin 
ot  shollow  buriol,  the  more  flexible,  instrumented  Cylinder  experienced  inword  rodiol  displocements 
ot  the  ipringline. 

6.  The  direct  compressive  stroins  were  uniform  around  the  more  rigid,  instrumented  cylinder  ot  deep 
burial. 

7.  For  the  more  rigid  cylinoer,  the  effect  of  arching,  os  reflected  by  the  direct  compressive  stroins  rri 
the  spri  «iine,  did  not  vory  significontly  with  depth  in  the  ronge  of  overpressure  employed. 

8.  Locol  bucklirsg  of  the  more  flexible  cylinder  resulted  in  spurious  strain  data. 


462 


ANALYTICAL  AND  EXPERIMENTAL  STUDIES,  II 


ACKNOWLEDGEMENTS 

This  paper*  is  based  on  an  experimental  investigation  conducted  ot  the  Air  Force  Shock  Tube  Focility  operated 
by  the  University  ot  New  Mexico. 

Special  acknowledgement  is  made  to  the  director  of  the  Shock  Tube  Facility,  Dr.  Eugene  Zwoyer.  The  writer 
also  wishes  to  acknowledge  Hie  contributions  of  all  his  colleagues  at  the  facility.  He  is  particularly  appreciative  of  the 
ossistance  of  Mr.  Dwone  Brewer,  Research  Associate  Engineer  and  head  of  the  electronics  department  at  the  facility. 

REFERENCES 

1.  Robinson,  R.R.,  "The  Investigatiori  of  Silo  and  Tunnel  Linings,"  AFSWC-TDR-62-1,  Research  Directorate,  Air  Force 

Special  Weapons  Center,  Kirtland  Air  Force  Bose,  New  Mexico,  1962. 

2.  Bulson,  P.S.,  "Deflection  and  Collapse  of  Buried  Tubes,"  Report  Res.  7/1  Military  Engineering  Experimental 

Establishment,  Christchurch,  Hampshire,  England,  1962. 

3.  Whitman,  Robert  V.  and  Ulrich  Luscher,  "Basic  Experiment  into  Soil -Structure  Interaction,"  Journal  of  the  Soil 

Mechanics  ond  Foundations  Division,  American  Society  of  Civil  Engineers,  Vol.  88,  No.  SM6,  1962. 

4.  Timoshenko,  S.,  Theory  of  Elostic  Stobility,  McGraw-Hill  Book  Co.,  Inc.,  New  York,  N.Y.,  1936. 

5.  Aluminum  Company  of'  America ,  ^ittsburgn.  Pa.,  Alcoa  Structural  Hondbook,  1960. 

6.  Luscher,  Ulrich,  "Laboratory.-  Sand-Plocement  Tests,"  Work  Order  ti.  Air  Force  Shock  Tube  Facility,  Albuquerque, 

New  Mexico,  1962. 

7.  Abbott,  Phillip  A.,  Personal  communication,  1963. 

8.  Bedesem,  W.B.,  et  al,  "Studies  on  the  Analysis  and  Design  of  Domes,  Arches,  ond  Shells,  '  University  of  Illinois, 

Urbana,  illirrais,  1963. 


*An  c^i^gmant  ofVnipoft,  WL-TOK-64-13,  to  be  published  by  the  Air  Force  Weopom  Lbboeolory,  t'irtiond  Air 
Force  lose.  New  Mexico,  1964. 


463 


RESPONSE  OF  BURIED  STRUCTURAL  MODELS  TO 
STATIC  AND  DYNAMIC  OVERPRESSURES 

R.  L.  Merino,  Jr.*  and  W.  F.  Riley** 


ABSTRACT 

Th  Is  resserch  proorar,'.  was  conducted  to  determine  the  behavior  of  o  number  of  simple  structurol  models  while 
buried  in  a  soil  medium  which  ^  s  subjected  to  static  end  dynamic  overpressures.  During  the  course  of  the  program, 
studies  were  conducted  on  four  c>  iindricol  shell  models.  Three  models  hod  hemispherical  end  closures  and  diameter- 
thickness  ratios  (D/t)  of  40  ,  30,  end  160.  The  ou..'  me  .  (D/t  -  80)  hod  on  end  closure  system  which  could  not  transmit 
lood  to  the  shell.  All  of  the  work  disc  sd  was  conducted  using  o  dry  cohesionless  soil  medium  of  uniformly  graded 
silica  sand  (Ottawa  sand),  For  each  moucl  a  complete  or^aiysis  wos  made  of  the  central  transverse  plane  of  the  shell. 
Conclusions  are  drawn  regarding  the  influences  of  model  stiffness,  overpressure  level  ,  rote  of  loading,  and  end  closure 
system  on  the  hoop  end  longitudinal  membrane  forces  and  bending  rnuments  in  the  shells. 

INTRODUCTION 

The  research  program  described  in  this  paper  was  conducted  to  determine  *he  behavior  of  a  number  of  si.mple 
structural  models  while  buried  in  a  soil  medium  which  vvtis  subjected  to  stotic  ond  dynamic  overpressures.  The  behavior 
of  such  0  structure  is  great’y  influenced  by  the  pressure  distribution  on  the  interfoce  between  the  structure  and  the  soil. 

Part  of  this  interfciciol  pressure  is  developed  os  a  result  of  the  soil  overpressure  plus  the  weight  of  the  soil  overburden  which 
acts  directly  on  the  buried  structure.  This  component  of  the  interfociol  pressure  is  commonly  referred  to  as  primary  soil 
pressure. 

Another  compone'rt  of  the  interfociol  pressure  is  developed  os  o  result  of  the  deformation  of  the  buried  structure 
and 's  commonly  called  reco  .oary  soil  pressure.  If  the  wolls  of  a  buried  structure  ore  displaced  outwardly,  the  surrounding 
soil  is  compressea  ond  S  ''  reactions"  ore  developed  which  ore  proportional  to  the  amount  of  displacement.  These  "soil 
'■actions"  ore  particularly  helpful  in  supporting  some  specific  types  of  buried  structures  such  os  cylindrical  shells.  In 
this  cose,  they  act  i  keep  the  shell  in  a  circular  shape  by  resisting  the  outward  displacement  of  the  side  walls.  On  the 
other  hand,  if  the  oils  cr  loof  of  a  buried  structure  are  displaced  inwardly,  the  primary  soil  pressure  producing  the  de¬ 
flection  is  transferred  from  fhe  flexible  structure  to  the  surrounding  soil.  This  phenomenon  is  commonly  referred  to  os 
"orching  "  In  f'  is  case,  the  secondary  soil  pressure  con  be  considered  to  be  a  negative  or  outward  "soil  reoctiori"  since 
it  has  the  some  effect  os  reducing  the  primary  soil  pressure.  Since  these  "soil  reoctioru"  ore  produced  by  the  displace¬ 
ment  or  the  walls  or  roof  of  tha  structure,  the  resulting  interfociol  pressure  distribution  depends  largely  on  the  stiffness  of 
5  buried  structure  relative  to  the  surrounding  soil. 

In  on  attempt  to  goin  a  clearer  understanding  of  the  interaction  phenomenon  on  buried  structures,  the  major 
efforts  of  this  reseorch  progrom  were  directed  towards  determining  the  influence  of: 

1)  the  mognitude  of  the  soil  ovarpre-ssure 

2)  the  model  stiffness 

3)  the  end  closure  system,  and 

4)  the  rate  of  loading 

on  the  behavior  of  cylindrical  shell  structures  buried  in  a  dry  cohesionless  soil  medium  of  uniformly  graded  silico  send 
(Ottawa  sand)  In  addition,  attempts  were  mode  to  evaluote  the  experimental  procedures  and  techniques  currently  employed 
in  the  investigotion  of  buried  structures. 

EXPERIMENTAL  METHODS  AND  PROCEDURES 


Mxlels 

During  the  course  of  the  program  four  different  cyiindricol  shell  models  were  studied.  The  significant  dimensions 
of  eoch  ore  listed  In  the  following  fable. 

The  cylindrical  ports  of  all  models  were  monufoctured  from  cold  drown  seamless  steel  tubing  to  tolerances  of 
*  0  002  inch  This  degree  of  accuracy  was  considered  essentiol  to  eliminate  any  influence  of  nononiformity  of  wall 
thickness  or  ou'-of-rocndriess  c'  the  cylinders  on  the  overall  behovioi  of  the  models  under  load.  The  end  closures  were 
^  Research  ?r.ijiieer,  IIT  Research  Institute,  Chicago,  Illinois. 

•*  Science  Advisor,  IIT  Research  Institute,  Chicogo,  Illinois, 
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Table  1 . 

Cylindricol  Shell  Model  Dimensions 

Model 

No. 

Overall 

Length 

in. 

Diameter 

in. 

Wall 

Thickness 

in. 

D/t 

Ratio 

Flexural 

Rigidity 

£t' 

End 

Closure 

12(l-v1 

I 

15 

5 

3.  124 

40 

5240 

Hemisphericai 

2 

15 

5 

0.  062 

80 

655 

H  emispherical 

ii 

15 

5 

0.  031 

160 

82 

Hemispher  ical 

4 

18 

5 

0.  062 

80 

655 

Special^ 

*The  end  closure  system  on  this  model 

was  not  attached  to  the  cylindrical  shell. 

It  wof 

designed;  o)  to  sliminate  longitudinal  merribrone  forces  and  longitudinol  bending  moments 

in  the  walls  at  the  ends  of  the  cylindrical  shell,  and  b)  to  allow  the  end  tronsverse  cross 

sections  of  the  cylindrical  shell  to  deform  freely. 

machined  to  the  same  dimensional  toleronces  as  the  shells.  Adhesive  {Eostmon  ?I0  Cement)  joints  were  used  in  assembling 
the  models  to  avoid  the  high  localized  temperatures  associated  with  welding  or  brazing  which  could  damage  the  strain 
gauges  ond  warp  the  thin  shells.  A  stepped  lap  joint  was  used  since  it  provided  a  positive  seoting  arrangement. 

Instrumentation 

ETectricai  resistance  foil  strain  gauges  and  linear  variable  differential  transformers  were  employed  to  determine 
the  response  of  the  buried  models.  The  foil  gauges  recorded  the  strains  in  the  structural  model  while  the  differential 
transformers  recorded  horizontal  end  vertical  diameter  changes  of  the  cylindrical  shell. 

"Two-gouge"  strain  rosettes  (Budd  Type  C6-I2I-R2C)  having  a  one-eighth  inch  gauge  length  were  placed  at  a 
number  of  locations  on  the  Inside  and  outside  surfaces  of  all  models  os  shown  in  Figure  I.  The  gauges  were  aligned  so  that 
one  recorded  the  strain  in  the  hoop  direction  while  the  other  recorded  the  strain  in  the  longitudinal  or  meridiorwl  direction. 
On  the  outside  surface  of  the  model,  the  gauges  were  covered  with  a  thin  epoxy  film  to  protect  ♦he  foil  grid  from  scratches 
and  moisture. 

Miniature  displacement  transducers  of  the  differentiol  transformer  t,  pe  with  built-in  carrier  systems  were 
employed  for  measuring  diameter  changes  in  the  cylindrical  shells  under  load.  These  transducers  (Sandborn  Model  7  DCDT) 
require  6  volts  d.c.  excitation  and  provide  a  d.c.  output  which  can  be  reod  on  o  d.c.  indicator.  The  output  is  linearly 
proportional  to  the  core  movement  within  fiie  rated  displacement  range  (+  0.050  in.)  of  the  transducers. 

In  the  static  studies  the  output  signols  from  the  stroin  gauges  were  recorded  with  a  Boldwin  Model  20  strain 
indicator  and  suitable  switching  boxes.  The  outputs  from  the  differentiol  transformers  were  recorded  with  a  vacuum  tube 
mil'i-voltmeter, 

In  the  dynamic  studies  Consolidoted  Electrodynamics  Corporation  type  5-124  oscillographs  equipped  with 
7-363  galvanometers  and  Video  Instruments  type  93  amplifiers  were  used  to  record  the  output  signals  from  the  strain  gauge 
bridges.  An  Ampex  Model  AR-200  magnetic  tape  recorder  was  used  to  record  the  dynamic  signols  from  a  Kistler  pressure 
gauge  in  the  water  chomber  and  the  differential  tror'-formers  in  the  model. 

Three  Tektronix  type  502  dual  beam  oscilloscopes  equipped  with  C-12  polaroid  cameras  were  also  used  in  the 
dynamic  st'  dies  to  obtain  a  "quick-look"  at  signals  from  selected  transducers. 

Soil  Facility 

The  soil  focillty  used  for  the  study  was  built  oround  a  48  in.  diometer  cylindrical  tank  approximately  6  ft  deep. 
Fc  most  of  the  sratic  studies  q  Hot  removable  head  was  used  as  the  top  closure  (see  Figure  2).  Nitrogen  gas  was  used  to 
apply  overpressures  to  the  soil.  A  rubber  diaphragm  placed  on  the  top  surface  of  the  soil  prevented  the  Nitrogen  gas  from 
entering  the  soil  pores. 

Eor  the  dynomic  studies  a  con'crrl  water  chamber  and  a  cylindrical  gas  chamber  were  added  to  the  soil  tonk  as 
shown  in  Figure  3.  The  flexible  rubber  diaphragm  was  again  used  to  separote  the  water  from  the  soil  and  in  addition  o 
thir  Steel  diaph’^egm  was  used  lo  separate  the  water  from  the  pressurized  gas  in  the  upper  chamber.  In  order  to  apply  a 
dynomfe  load  to  the  surfoce  of  the  soil,  the  gas  chamber  was  first  pressurized  to  the  value  necessary  to  produce  the  desired 
mognitude  of  soil  overpressure.  This  chamber  pressure  had  to  be  greater  than  the  desired  steady-state  soil  pressure  because 
of  the  volume  expension  of  tf.e  pressurized  gas  which  occurred  os  the  pressurized  gos  filled  the  initial  air  space  in  the 
water  chomber.  This  air  spoce  was  further  increased  by  the  overoll  compressfon  of  the  soil  and  woter.  The  thickness  of 


465 


SOIL-STRUCTURE  INTERACTION 


V  '  '  -H-  VW' 

Fig.  I  One  of  the  Cylindrical  Shell  Models  With  Hemispherical  Heads 

the  steel  diaphragm  was  elected  to  safely  retoin  the  chamber  pressure.  In  order  to  release  this  pressure,  the  diaphragm 
was  ruptured  by  detonating  a  small  charge  of  primacord  with  a  blasting  cap.  This  action  resulted  in  a  rapid  transfer  of 
pressure  to  the  water  which  served  to  transmit  and  distribute  the  dynamic  pressure  pulse  uniformly  across  the  soil  areo. 

The  fcv-Ility  has  the  capability  of  generating  o  pulse  of  up  to  500  psi  peak  pressure  with  a  rise  time  of  approximately  6 
milliseconds. 

Soil  Placement 

In  order  to  obtain  meaningful  results  from  the  studies  of  the  buried  structures,  it  was  imperative  that  the 
properties  of  the  soil  be  held  constant  for  all  investigations.  Since  most  of  the  significant  properties  of  a  uniformly 
graded  dry  silica  sand  are  related  to  its  density,  all  of  the  placement  efforts  in  this  program  were  directed  toward  con¬ 
trolling  this  one  parameter. 

One  of  the  commonly  used  methods  for  compacting  large  masses  of  cohesionless  material  utilizes  vibration 
techniques.  In  all  of  the  studies,  two  small  protoble  vibrators  ordinarily  used  in  the  placement  of  concrete  were  employed 
to  compact  the  soil . 

The  sand  was  placed  in  six  inch  layers  in  the  soil  facility.  It  was  poured  into  the  vessel  in  a  loose  state  and 
each  layer  in  succession  was  compacted  by  inserting  the  vibrator  probes  into  the  sand  bed  at  a  total  of  approximately  6 
locations  The  rototing  eccentric  weights  in  the  probes  imposed  a  forced  vibration  on  the  soil  and  the  desired  degree  of 
compaction  was  defined  as  that  density  which  existed  when  resonance  occurred  in  the  soil  mass.  This  condition  was 
immediately  evident  since  the  forced  vibrations  could  be  felt  in  the  walls  of  the  soil  facility.  The  vibrator  probes  were 
then  removed  and  another  six  inch  layer  of  loose  sond  wos  odded.  This  procedure  was  continued  until  the  vessel  was 
completely  filled. 
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Fig.  2  Equipment  Employed  For  Applying  Pressure  and  For  Recording 
the  Behavior  of  the  Buried  Model 


A  small  scoop  with  a  known  volume  was  used  for  making  density  measurements.  These  reodings  were  token  at 
five  positions  on  the  top  surface  of  the  sand  bed  after  it  had  been  leveled  following  the  tinol  vibration.  These  density 
measurements  gave  readings  in  the  range  of  106  Ibs/ft^  to  109  Ibs/ft^  for  oil  studies.  When  the  head  of  the  soil  facility 
was  removed  after  each  model  investigation,  surface  density  measurements  were  again  token.  It  was  found  that  the  density 
of  the  soil  in  this  final  state  usually  increased  by  less  than  I  Ib/ft^.  These  finol  reodings  were  rsormolly  in  the  ronge 
between  107  Ibs/ft^  to  MO  Ibs/ft^  for  oil  studies. 

Model  Placement 

Secouse  of  the  importonce  of  correctly  positioning  the  model  in  the  soil  medio,  the  speciol  fixture  shown  in 
Figure  4  was  designed  for  holding  it  in  the  proper  orientation  during  the  plocement  operation.  This  fixture  consisted  of  o 
4  in.  box  beam  which  spanned  the  tank  and  a  frame  having  a  top  and  bottom  plote  connected  by  three  rods.  A  template 
in  the  form  of  o  90  segment  of  o  circle  ond  having  the  some  rodius  of  curvoture  as  the  cylindrical  shell  was  attached  to 
each  end  of  the  bottom  plate.  These  templates  held  the  model  in  the  proper  position  while  it  was  being  buried.  By 
correctly  spacing  the  top  and  bottom  plates,  the  depth  of  buriol  could  be  accurately  controlled. 

After  the  soil  facility  hod  been  filled  and  compacted  to  o  level  slightly  below  the  desired  level  of  the  invert 
of  the  cylindrical  shell,  the  model  placement  fixture  was  set  for  the  proper  depth  of  the  burial.  The  4  in.  square  box 
beam  was  then  positioned  over  the  open  end  of  the  soil  focility  ond  the  top  plote  of  the  placement  fixture  was  attached 
to  it  by  means  of  ci  srandord  "C"  clamp.  The  model  was  held  in  position  by  bond  ogoinst  the  templates  on  the  bottom  plate 
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Fig.  3  Soil  Focility  and  Instrumentotion  Used  For  Loading  and  Recordirtg  The 
Behovior  of  a  Buried  Model  in  The  Dynamic  Studies 


of  the  fixture  and  the  box  beam  was  moved  so  os  to  position  the  center  of  the  model  ot  the  exoct  center  of  the  soil 
focility.  The  beam  was  then  locked  to  the  top  flonge  of  the  soil  focility  by  meons  of  other  "C"  clomps.  After  this 
positioning  operotion,  the  model  was  ready  for  burial.  Loose  send  was  ploced  in  the  soil  veuel  up  to  the  level  of  the 
mid-depth  of  the  model  ond  then  vibroted  with  the  model  still  held  in  place  by  the  fixture.  The  rsext  step  involved  oddirsg 
orKsther  loyer  of  sond  so  os  to  brirtg  the  level  of  the  soil  surfocc  up  to  the  crown  of  the  cylindrical  shell.  This  loyer  wos 
also  vibroted.  The  model  was  now  completely  buried  in  compocted  sand  ond  the  plocement  fixture  was  removed.  Exoctly 
the  some  procedure  os  wos  previously  described  was  used  to  ploce  the  remoinirsg  sond  in  the  soil  tonk. 

To  irtsure  o  soil  density  which  wos  uniform  to  the  top  of  the  soil  bed,  the  firsal  sond  layer  was  piled  obove  the 
rim  of  tl  e  soil  vessel  and  then  vibroted.  A  level  surfoce,  even  with  the  rim,  wos  struck  off  by  using  o  structural  angle 
supported  on  the  flonge  of  the  veuel. 

Exactly  the  sorr«e  burial  procedure  was  followed  for  eoch  of  the  structural  models.  They  were  first  ploced  in 
the  soil  with  their  LVDTs  olong  the  horitontol  ond  verticol  diometers.  In  this  initial  orientation,  the  strain  gouges  olso 
occurred  at  positions  on  the  horizontal  ond  verticol  diometers  or>d  ot  45  to  them 

In  order  to  determine  rhe  strains  and  diameter  chorsges  ot  locotions  other  thon  the  O”,  45  .  ortd  90  lines 
associoted  with  the  initial  orientation,  the  models  were  olso  ploced  in  the  soil  in  o  *70  ,  -20  ,  *30  ond  -30  orientation. 


These  artgles  were  meosured  between  the  initiol  orientation  of  the  iiorizontat  (verticol)  IVOT  ond  each  rsew  poeition  of  the 
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Fig.  4  Th«  loK  B*am  And  Fiatwr*  U»«d  In  Pwitioning  The  AAodtl 


LVDT.  Potitivt  ongltt  rtprvMnI  o  count«relockwit«  rotation  of  tf>«  modtl  oboMt  in  longitudinol  OKit  ond  nogotivt  onglot 
roprtiont  o  clockwit*  rotation  looking  toword  tko  orKl  of  tfto  modol  which  hod  tho  occtnt  holt  for  tht  Itod  wktt  By 
oito  plocing  tht  modtl  ot  o  *45  ond  o  *90  oritntation,  odtqwatt  chtcki  on  tht  rtproducibility  of  tht  itioim  from  on* 
burial  to  tht  f>txt  wtrt  obtointd 
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TEST  PROCEDURES 

Before  the  structural  models  with  hemispherical  heads  were  xjried,  they  were  first  subjected  to  on  external 
hydrostatic  pressure.  This  hydrostatic  pressure  was  applied  and  released  about  twenty  times  and  strain  readings  were  taken 
during  the  cycling  operation.  This  prelimirwry  looding  served  several  functions  among  which  were: 

1)  to  check  the  strain  gauges  to  ensure  that  all  gouges  were  reading  correctly  before  the  model  was  buried 

in  soi  I , 

2)  to  cycle  the  strain  gauges  to  guarantee  obtaining  a  reproducible  signal  for  a  given  strain  magnitude,  end 

3)  to  check  the  efficiency  of  the  bonded  closure  joint. 

The  checks  of  items  I)  and  3)  were  accomplished  by  comparing  measured  strains  with  theoretical  strains  computed  for  a 
cylindrical  shell  with  hemispherical  heads  subjected  toon  external  hydrostatic  pressure.  Using  this  procedure,  several  of  the 
strain  gauges  were  found  to  be  improperly  bonded  but  in  no  case  was  the  bonded  head  joint  found  to  be  unreliable. 

When  the  hydrostatic  pressure  check  was  completed,  the  first  structural  model  was  placed  in  the  soil  facility 
and  a  complete  set  of  strain  gauge  and  LVDT  readings  were  taken  before  the  model  was  buried.  These  readings  corresponded 
to  the  initial  or  unstrained  condition  of  the  structural  model.  The  soil  facility  was  then  filled,  completely  burying  the 
model,  and  another  set  of  strain  gauge  and  LVDT  readings  was  taken.  It  was  found  thot  the  weight  of  the  soi!  produced: 

1)  o  change  in  horizontal  diameter  thot  was  equal  to  only  1%  of  the  corresponding  chonge  due  to  a  100  psi 
overpressure, 

2)  a  change  in  vertical  diameter  that  was  equal  to  only  3%  of  the  corresponding  change  due  to  a  100  psi 
overpressure,  and 

3)  strains  of  the  order  of  magnitude  which  could  not  be  accurately  resolved  with  the  stiain  indicating  equipment 
used  for  the  study.  These  measured  strains  were  of  the  order  of  magnitude  of  10  in. /in.  which  is  equivalent  to  only 

300  psi  in  steel  in  a  unioxiol  stress  field.  As  this  lower  limit  of  strain  sensing  is  opprooched,  apparent  strain  due  to  thermal 
and  electronic  drift  are  of  the  same  order  of  magnitude  os  the  real  strain  and  these  apparent  strains  obscure  the  true  be¬ 
havior  of  the  model . 

The  strains  due  to  the  weight  of  the  soil  were  therefore  neglected  in  the  study  ond  the  readings  taken  on  the  completely 
buried  model  were  assumed  to  be  the  "zero"  strain  readings. 

Prelimirsory  investigations  conducted  during  the  early  stoges  of  the  program  showed  thot  the  strain  readings 
and  the  deflection  reodirigs  were  not  reproducible  for  the  first  three  or  four  cycles  of  lood.  This  wos  ottributed  to  two 
facts:  a)  the  stress-stroin  curve  for  Ottawa  sand  is  f>ot  reproducible  for  the  initiol  three  of  four  cycles  of  lood  and 
b)  before  ony  opplication  of  load  there  was  probably  o  slight  difference  in  density  between  the  send  in  the  immediote 
proximity  of  the  model  ond  the  sand  in  the  remoinder  of  the  soil  focility.  As  successive  cycles  of  lood  were  applied, 
however,  a  relatively  uniform  condition  wos  finally  reached  after  about  four  cycles.  Figure  5  shows  the  vertical  and 
horizontal  diometer  chonges  vs.  the  opplied  overpressure  for  one  of  the  models  for  the  first  six  lood  cycles.  This  groph 
gives  some  indication  of  the  reproducibility  of  the  model  deformations  which  occurred  for  successive  opplicotions  of  lood. 

The  mojority  of  the  stroin  reodiisgs  offer  four  or  five  cycles  were  reproducible  within  *  20  ft  in. /in.  The  moximum  strairts 
occurring  in  eoch  of  the  models  under  the  maximum  overpressure  were  of  the  order  of  mognitude  of  800  to  1200  ft  in. /in. 

After  the  prelimirsory  cycling  operation ,  static  pressure  wos  opplied  in  100  psi  increments  over  the  range  from 
0  to  400  psi  except  for  the  moOel  with  a  0/1  of  160.  The  moximum  pressure  for  this  model  wos  limited  to  300  psi  to  keep 
the  stroim  below  the  yield  point  of  the  model  moteriol.  All  of  the  strain  gouges  ond  the  LVDTs  were  read  ot  zero  pressure 
ond  olso  'St  each  100  psi  increment  When  the  readirsgs  hod  oil  been  recorded  at  the  maximum  overpressure,  the  lood  wos 
released  ond  oisother  set  of  zero  load  reodings  was  taken,  it  wos  possible  to  take  oil  of  the  meosurements  for  one  complete 
load  cycle  within  u  time  intervol  of  opprox imotely  90  mirsutes.  In  rrtost  coses  the  omount  of  drift  which  occurred  durirsg 
this  time  intervol  wos  negligible  The  dota  used  fo*  otsolysis  wos  recorded  during  the  fifth  and  sixth  load  cycles  in  oil  of 
the  static  studies 

For  the  dynamic  studies,  o  pressure  pulse  wos  opplied  to  the  surfoce  of  the  soil  The  conicoi  shoped  tromition 
section  conrsectirsg  the  cylirsdricol  pressure  chomber  to  the  vessel  containing  the  soil  wos  first  filled  with  woter  to  o  level 
opproeimotely  6  iisches  below  the  0  030  inch  thick  steel  diophrogm  This  6  inch  oir  space  oMowed  the  diophrogm  to  de¬ 
form  freely  without  contactitsg  the  water  os  the  gos  chomber  wos  pressurized. 

In  order  to  rapidly  release  the  pressure  in  the  chomber  orsd  Ironsfer  it  to  the  surfoce  of  the  soil,  the  diophrogm 
wos  ruptured  by  detorsotiisg  four  6  itKh  lengths  of  23  groin  primocord.  The  electrical  pulse  used  to  trigger  this  explotive 
olso  served  ta  trigger  the  oscilloscope  troces  employed  in  rccordirsg  some  of  the  signols  from  the  morkl.  Ail  other  instru¬ 
mentation  srted  for  recordirsg  the  rnodel  behavior  wos  nsomrally  storted  before  the  explosive  wos  triggered. 

All  of  the  pressure  records  indicotc  thot  o  chomber  pressure  of  200  psi  will  produce  o  dyrsomic  soil  overpressure 
which  reoches  o  peak  volue  of  obout  320  psi  in  opproximotel/  7  msec  A  steody  state  voiue  of  ISO  psi  is  mointoirted  ofter 
too  msec 

Both  static  ond  dynomic  studies  were  conducted  for  eoch  model  buriol  so  thot  o  more  meoningful  comporison 
could  be  mode  between  the  bchovior  of  o  buried  model  under  o  dynomic  soil  overpressure  ond  the  bohovior  of  the  model 
under  o  static  soil  overpressure  of  the  tome  mognitude  Four  or  five  cycles  of  static  uverpretswte  wos  first  applied  ta  the 
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Fig.  5  Oiomcter  CKong«  On  The  Ccntrol  Tron»v«n«  Croti  Section  of  The  C/lindricol 

Shell  Model  With  Hetnitpheticol  Heodi  (0/t  -  40)  At  A  Function  of  Soil  (Ottowo 
Send)  Overpretture 

toil  ond  o  tet  ol  model  delormolion  reodings  wot  rt«en  obtoined  for  o  ttotic  toil  overprewure  of  the  tome  mognitude  at  the 
peok  dynomic  pretture  After  these  static  reodingt  hod  been  recorded,  the  dynomic  study  wos  then  corsducted. 

RESULTS 


Stotic  Studies 

Sir«e  the  central  tnamverse  plonc  of  the  cytirtrhicat  shell  models  wot  o  piorte  of  symmetry,  the  hoop  ortd 
longiiudinol  strenes  computed  from  the  meosured  strains  were  olso  principol  stresses.  This  mode  it  possible  to  compute 
the  iortgiludifwi  ortd  hoop  membrone  force  ond  the  lortgitudlnol  ond  hoop  bending  moment  per  iiKh  of  circumfererKe 
directly  horn  the  (ongitudinol  on-^  hoop  stresses  on  the  inside  ono  outside  turfoccs  of  the  shell  These  guontiiies  were 
computed  for  eoch  model  oi  eoch  100  psi  level  of  static  soil  overpressure  Oiometet  changes  were  olso  meosured  ot  the 
centrol  Itontverse  plone  of  the  cyiindricol  shells  os  o  furKtion  of  the  orsgulor  position  of  the  measured  diomeier  for  each 
100  psi  level  of  soil  overpressure 
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The  cylindrical  shell  model  with  hemispherical  heods  having  a  D/t  ratio  of  40  hod  the  greatest  rigidity  of  all 
the  models  investigated.  Measurements  taken  of  the  horizontal  and  verticoi  diometer  changes  were  previously  shown 
in  Figure  5  as  a  function  of  the  soil  overpressure  for  a  number  of  the  load  cycles  opplied  to  this  model. 

The  hoop  membrane  force  was  computed  for  each  100  psi  soil  overpressure  at  the  gauge  positions  for  all 
orientations  of  the  model  having  a  D/t  of  40.  The  values  for  the  400  psi  soil  overpressure  are  plotted  in  Figure  6  on  only 
one  side  of  the  vertical  axis  since  it  is  an  axis  of  symmetry  A  curve  that  best  fitted  these  points  was  drawn  and  this 
"averaging  curve"  was  later  used  on  other  graphs  to  represent  the  distribution  of  the  hoop  membrane  force  for  a  model  with 
D/t  of  40  buried  in  dense  Ottawa  sand  and  subjected  to  a  400  psi  soil  overpressure. 

Exactly  the  same  procedure  was  employed  to  obtain  the  distribution  of  the  hoop  membrane  force  at  the  300  psi, 
200  psi,  and  100  psi  values  of  overpressure.  Similar  distribution  curves  were  drown  for  the  longitudinol  and  hoop  mem¬ 
brane  force  and  bending  moment  for  each  model  at  every  100  psi  increment  of  soil  overpressure. 
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Fig  6  Distribution  Of  The  Hoop  Membrone  Force  At  The  Centtol  Tramvene 

Cross  Section  Of  The  Cylindricol  Shed  Model  With  Herr.isphericol  Heods 
(0,  t  2  40)  For  A  Sod  (Cttowo  Sand)  Overpre»*ure  Of  400  psi 

Typicol  examples  of  the  othar  ’‘ovecoging”  distribution  curves  for  i*se  model  with  o  D' t  ratio  of  40  oppeor  in 
Figures  T  to  9  These  figures  (6  to  9)  serve  to  show  the  omount  of  experimentol  data  "scotter"  thot  occurred  with  the 
model  in  the  voriosn  rototiorsal  orieritotions  Experimental  points  ot  theO  ,45  .  orsd  90  positions  else  illustrote  the 
reproducibility  thot  wos  obtairsed  for  succeuive  bsiriols  of  the  model 

Typical  exort^es  of  the  influence  of  the  mognituPe  of  the  soil  overpte»s«re  on  the  behovior  of  o  model  ore 
illustrated  in  Figures  10  to  14 

The  diometer  chonges  for  the  cylirsdricol  shed  model  with  hemisphericol  heods  (Ot^'t  «  80)  os  o  fsMKtion  of  the 
orsgulor  position  of  the  meosured  diometer  at  eoch  100  psi  of  soil  overpresttrre  ore  plotted  in  Figure  10.  The  "overogirtg" 
curves  (v  the  distribution  of  hoop  membrorse  force  for  the  some  model  (D/t  ^  00)  ot  eoch  100  psi  increment  of  soil  over¬ 
pressure  ore  shown  in  Figure  II.  "Avereging"  curves  givirsg  the  distribution  of  hoop  beisding  momfrrt,  longitSidinol  mem- 
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Sond)  Overpressure  OI  400  psi 
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FIq.  10  CHong**  At  TK«  Ctntral  Trarav«n*  Cmi  Section  Qf  TKo  CylinSricol  Sholl 

Modtl  With  H»«nitph«ricol  Hoodi  (D  t  -  80)  For  Four  Different  Leveli  Of  Soil  (Ottotwo 
Sortd)  Overpretture 

rone  force  orwl  longitudinol  bertding  moment  for  ecch  100  pii  overpfeuure  ore  presented  in  Figures  12,  O,  ond  U  respec¬ 
tively 

Figure  IS  shows  the  hoop  memhrone  force  ot  4*0  sprirsgmg  iirte  of  eoch  model  ot  o  fur»ctior>  of  the  ttotic  soil 
overpressure. 

The  dislributien  of  the  hoop  merrtbtorte  force  for  eoch  of  the  Cylindricol  shell  models  Ot  300  pli  soil  overpressure 
ore  plotted  together  for  comporison  purposes  in  Figure  16  Similor  comporisorss  of  the  dtttributiora  fpr  the  voripsu  models 
of  hoop  bersding  moment,  lorsgiivdirsol  rrtembrorte  force,  orsd  longitudinal  bendiisg  moment  ore  mode  in  Figures  17,  18,  ond 
19  respectively 

Oynomic  Studies 

n»e  ^rsomic  doto  which  hove  beer*  evoluoted  to  dote  hove  been  limited  to  the  cylrndsicol  shell  model  with 
hcmisphericol  hoods  hovirrg  o  0/t  rotip  of  40  A  comporison  is  mode  ir.  Figure  20  between  the  distributions  of  hoep 
membrane  force  resulting  from  o  static  ond  o  dytsomic  oppiicotion  nf  soil  overpressure  In  Figure  21,  the  hoop  membrorse 
force  ot  the  sprmgirsg  litre  is  plotted  os  o  furKtipn  of  the  soil  overpressure  The  theoretical  votue  obtoirsed  by  multiplying 
the  opplied  overpressure  by  the  projected  oreo  of  orse-hoM  the  model  is  shown  together  with  the  eiipcrin,entol  values 
obteined  hem  both  the  siotic  ond  dynomic  studies  Figure  22  shows  the  distribution  of  the  hoop  benJing  moment  resulti’sg 
horn  o  siotic  ertd  dynomic  loodittg 
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Fig  II  Di^tribuficn  Of  The  Hoop  Membrane  Force  At  The  Central  Transverse  Cross  Section  Of  The 
C/lindrical  Shell  Model  With  Hemispherical  Heads  (D/t  -  80)  For  Four  Different  Levels  Of 
Soil  (Ottovro  Sand)  Overpressure 


Summory 

Toble  II  is  presented  in  order  to  more  clearly  illustrate  the  influence  of  the  magnitude  of  the  soil  overpressure 
on  the  behavior  of  a  cvlindrical  shell  model  vrith  nr>  end  restraints.  This  table  gives  the  increase  in  the  value  of  certain 
structural  functions  for  each  100  psi  load  increment  as  a  percentoge  of  the  value  cf  the  structural  function  that  existed  ot 
the  ip'tial  100  psI  inc.ement. 

Tobies  III,  IV,  and  V  are  presented  to  show  respectively,  the  influence  of  the  model  stiffness,  the  end  closure 
system  and  the  rote  of  loading. 


CONCLUSIONS 

The  moin  objective  of  this  reseorch  progrom  were  directed  towards  determining  the  influence  of: 

1)  the  magnitude  of  the  soil  overpressure, 

2)  the  model  stiffness, 

3)  the  end  closure  system,  and 

4)  the  rote  cf  loading 

on  the  behavior  of  cylindrical  shell  structures  buried  in  Ottowo  sand.  Each  of  these  factors  will  be  discussed  in  turn. 


476 


ANAlYTtCAl  AND  EXPERlMifNTA!.  STUDIES,  II 


K30^  athSiM  M&MKMT((«  -kat./IN.) 


Fig.  12  Distribution  of  the  Hoop  Bending  Moment  at  the  Centrol  Transverse  Cross  Section  of  the 
Cylindrical  Shell  Model  with  Hemispherical  Heads  (D/t  =  80)  for  Four  Different  Levels 
of  Soil  (Ottowo  Sand)  Oveirpressure 


o» 

ceowN  — » 


necwe 

son.  ovenpRESsuRE 
too  RSI 

- JOO  PSI 

-  300  RSI 

—  400  RSI 


Fig,  13  Distributions  of  the  Longitudinal  Membrane  Force  at  the  Central  Transverse  Cross 
Section  of  the  Cylindrical  Shell  Model  with  Hemispherical  Heads  (D/t  =  80)  for 
Four  Different  Levels  of  Soil  (Ottawa  Sand)  Overpressure 
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The  hoop  membrane  force  ot  the  springing  of  the  cylindrical  shell  is  a  good  measure  of  the  amount  of  "arching" 
that  takes  place  over  the  model  since  by  vertical  equilibrium  this  quantity  actually  shaws  the  overpressure  transmitted 
through  the  soil  to  the  model.  Figure  15  shows  the  hoop  membrane  force  at  the  springing  to  be  reasonably  linear  with 
increasing  soil  overpressure.  It  also  shows  that  for  all  models  this  hoop  membrane  force  is  less  than  the  theoretical  value 
obtained  by  multiplying  the  applied  overpressure  by  the  projected  area  of  one-half  of  the  model.  This  indicates  that 
part  of  the  overpressure  is  borne  by  the  surrounding  soil  but  the  percentage  of  the  soil  overpressure  that  the  model  accepts 
•5  independent  of  the  magnitude  of  the  overpressure.  The  omount  of  hoop  bending  of  the  cylindrical  shell  on  the  other 
hand  is  greatly  influenced  by  irtcreases  in  soil  overpressure.  Table  II  shows  that  the  changes  in  diameter  and  the  hoop 
bending  moment  are  not  linear  functions  of  the  soil  overpressure.  The  initial  100  psi  of  load  produces  the  greatest  change 
and  after  this  the  change  becomes  less  for  successive  100  psi  increments.  This  nonlinear  behavior  is  attributed  to  the  in¬ 
creased  lateral  (horizontal)  support  which  occurs  at  the  springing  as  the  surrounding  soil  by  virtue  of  Its  stiffness  acts  to 
oppose  the  increase  in  horizontal  diameter  os  the  cylindrical  shell  deforms  under  load.  The  stiffness  of  the  soil  also  be¬ 
comes  greater  with  increased  load  and  this  adds  further  to  the  loteral  (horizontal)  soil  reaction. 

Figure  16  and  Table  III  show  the  similarity  of  the  hoop  membrane  force  distributions  for  all  of  the  models  at 
300  psi  overpressure.  This  similarity  was  also  observed  at  the  100  psi,  200  psi,  and  400  psi  overpressures  which  seems  to 
indicate  that  the  hoop  membrane  force  of  the  cylindrical  shell  is  essentially  independent  of  the  model  stiffness. 

Figure  17  shows  that  the  hoop  bending  moment  is  not  significantly  influenrert  hy  the  model  stiffness  for  the 
models  with  a  D/t  ratio  greater  than  80.  If  can  also  be  seen  that  the  nagnitudes  of  the  hoop  bending  mc..ients  are  rela¬ 
tively  small  as  compared  with  the  values  which  are  developed  in  the  model  with  a  D/t  ratio  of  40.  This  phenomenon  seems 
to  indicate  that  all  cylindrical  shells  up  to  a  given  value  of  wall  rigidity  will  deform  sufficiently  under  load  to  allow  a 
lateral  (horizontal)  support  to  develop  ct  the  springing  which  acts  to  "^educe  the  beriding  in  the  cylinder.  This  lateral 
force  is  developed  as  the  surrounding  soil  acts  tooppose  the  increase  in  horizontal  diameter  of  the  shell.  As  the  flexural 
rigidity  of  the  cylinder  is  increased,  the  model  will  deform  less  under  load  and  the  resistance  to  deformation  must  be 
taken  more  by  the  shell  itself  in  the  fo'm  of  hoop  bending  moments. 

Table  IV  shows  a  comparison  between  the  cylindrical  shell  models  with  D/t  ratios  of  80  both  with  hemispherical 
end  closures  and  with  no  end  restraints.  It  can  be  seen  that  the  behavior  of  the  cylindrical  shell  model  with  hemispherical 
heads  is  very  similar  to  the  behavior  of  a  cylindrical  shell  model  with  no  end  restraints  with  one  notable  exception.  The 
distributions  of  the  longitudinal  membrane  force  which  are  further  illustrated  in  Figure  18  ore  completely  different  for  the 
two  models.  The  curves  of  Figure  18  show: 

a)  there  is  an  overall  longitudinal  bending  of  the  cylindrical  shell  with  no  end  restrains  which  tends  to  produce 
longitudinal  compressive  forces  at  the  crown  and  tensile  forces  at  the  invert, 

b)  there  is  no  tensile  membrane  force  at  the  invert  for  the  model  with  hemisphericol  heads.  This  can  be 
attributed  to  the  end  thrust  transferred  to  the  cylindrical  shell  by  the  hemispherical  heads, 

c)  the  tension  which  occurs  at  the  springing  for  the  model  with  heads  does  not  occur  in  the  model  without 
heads.  The  exact  nature  of  the  action  producing  this  force  can  not  be  readily  explained  at  this  time.  It  is  believed  that 
these  tensile  forces  ore  developed  as  the  hemispherical  heads  try  to  maintain  the  shell  in  a  circular  shape  and  act  to  re¬ 
sist  any  horizontal  change  in  diameter. 

Table  V  shows  that  the  greatest  variation  between  the  static  and  dynon.ic  results  occurs  for  the  hoop  membrane 
force  at  the  springing  where  the  dynamic  volue  is  54%  greater  than  the  static  value.  It  oppears  that  the  rapid  (7  msec) 
application  of  overpressure  does  not  allow  the  soil  sufficient  time  to  develop  arching  over  the  model.  This  is  further 
illustrated  in  Figure  21  which  shows  that  the  load  transmitted  to  the  model,  rather  than  being  reduced  as  in  the  static  case, 
is  actually  greater  than  the  value  of  the  overpressure  multiplied  by  the  projected  area  of  one-half  the  model.  This  seems 
to  indicate  that  load  is  transferred  onto  the  model  from  the  surrounding  soil. 
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Fig.  14  Distribution  of  the  Longitudinal  Bending  Moment  at  the  Central  Transverse  Cross 
Section  of  the  Cylindrical  Shell  Model  with  Hemispherical  Heads  (D/t  =  80)  for 
Four  Different  Levels  of  Soil  (Ottawa  Sand)  Overpressure 


Fig.  15 


P'SOIL  OVERRRESSURE 


'  !•  to'tal 'overVressure  loao  above  mooec 
.  •.•F’.Rt*  UNIT  length  of  cvlinorical  Smell 


sp.- •• 


; 4  K  •portion  of  f 

'■  '  The  SORROUN 

•;•!:••;•••:* 


ion  of  f  transferred  to 
surrounding  soil 


r 

membrane  force  at  springing 

- P^PER  unit  length  of 

8— H  CVLINORICAL  SHELL 


soil  overpressure.  P  IRSII 


Hoop  Membrane  Force  at  the  Springing  of  the  Central  Transverse  Crou  Section  of  the 
Cylindrical  Shell  Vs.  Soil  Overpressure 


479 


SOIL-STRUCTURE  INTERACTION 
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Comparison  of  the  Hoop  Membrane  Force  Distributions  ot  the  Centrol  Transverse  Cross 
Sections  of  Four  Models  for  o  Soil  (Ottowo  Sard)  Overpressure  of  300  psi. 


Fig.  17  Comparison  of  the  Hoop  Sending  Moment  Distributions  at  the  Cen^l  Transverse 
Cross  Sections  of  Four  Models  fw  o  Soil  (Ottowo  Sond)  Overpressure  of  300  psi 
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Fig.  19  Comparison  of  the  Longitudinal  Sending  Moment  Oistribwtiorn  at  the  Control 
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Fig.  22  Hoop  Bwiding  Monwnt  Oiihribwtion  at  th«  Control  TrorwvwM 
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INTERACTION  BETWEEN  A  SAND  AND  CYLINDRICAL 
ShtLLS  UNDER  iTATIC  AND  DYNAMIC  LOADING 

by 

John  Thomos  Hon  ley* 


ABSTRACT 

A  series  of  fourteen  static  ond  twelve  dynamic  tests  were  cofKlucted  on  three  cylindrical  shells  in  o  fine,  dry,  sand. 
Eoch  foc-r-inch  diameter  shell  (pipe)  was  ploced  in  the  center  of  o  cylindrical  container  approximately  two  feet  in  dio- 
meter  and  two  feet  in  depth;  the  axis  of  the  pipe  being  coincident  with  the  axis  of  the  contoiner.  The  pipe  was  then 
surrounded  by  the  sand,  which  was  compacted  in  six-inch  layers  up  to  the  top  of  the  container.  A  neoprene  diaphragm  was 
placed  on  top  of  the  soil  sample  to  prevent  gas  penetration  into  the  soil.  A  uniformly  distributed  gas  pressure  was  then 
applied  to  the  surface  of  the  soil  sample  and  to  the  capped  errd  of  the  pipe  (top)  both  statically  and  dynamically  to  simulate 
loodirsg  by  o  plane  shock  wove  travelirtg  in  o  direction  normal  to  the  surface  of  the  soil. 

Measurements  were  mode  of  the  gas  pressure  rteor  the  surfoce  of  the  soil,  of  the  vertical  pressure  at  various  depths 
in  the  soil  and  of  the  vertical  otkI  circumferential  strains  in  the  pipes  at  three  depths;  four,  ten  and  sixteen  inches  below 
the  surface.  Colculatiore  were  then  mode  of  the  effective  lateral  pressure  at  the  soil -structure  interface  at  the  three 
gouge  depths  and  of  the  magnitude  ond  direction  of  the  shear  octing  between  the  gouge  lines  ot  that  interface.  Using  the 
calculated  lateral  pressures  otkI  vertical  soil  pressures  obtoined  from  soil  pressure  gouge  measurements,  the  ratios  of  the 
former  to  the  latter  (Kf)  were  calculoted  for  both  static  and  dynamic  tests  for  two  depths;  four  and  sixteen  irtchcs  below 
the  surfoce . 

Under  static  load,  ot  four  inches  below  the  surfoce  the  value  of  Kf  increased  with  applied  load  from  obout  0.5  to 
obout  0,6.  These  relotively  high  values  of  Kf  ore  believed  to  be  coused  by  the  depression  of  the  surface  of  the  soil  oround 
the  top  of  the  pipe.  At  o  depth  of  sixteen  irKhes  the  votue  of  Kf  irtcreosed  from  about  0.3  to  about  0.4. 

From  the  dynamic  tests,  it  appeared  that  initiolly  the  soil  was  behaving  much  os  o  viscous  fluid  at  a  depth  of  four 
inches.  The  computed  value  of  Kf  ot  four  inches  was  obout  1.0  ot  four  milfiseconds.  With  increasing  time,  the  volue  of 
Kf  ot  that  depth  decreased  to  about  0.7.  However,  at  a  depth  of  sixteen  inches,  the  value  of  Kf  irtcreoied  slightly  with 
time,  the  overage  volue  being  obout  0.45. 

As  a  consesfuence  of  the  trorssfer  of  lood  from  the  sol'  to  the  structure  ursder  both  static  ond  dynomic  looding,  the 
circumferential  stroins  in  the  shells  ^ere  tertsile  rather  thon  compressive  ot  o  depth  of  sixteen  inches.  This  behovior  moy 
be  predicted  for  large  cylindricol  shells  in  soil  with  similar  foundotion  corsditions  ond  under  similar  looding  conditiorss. 

It  was  apparent  fsom-rhe  row  date  obtained,  and  shear  calculations  confirmed,  thot  oheod  of  the  streu  wove  in  the 
soil  the  shells  moved  down  with  respect  to  the  soil  under  dynomic  lood.  This  behovior  wos  predicted  orsd  wos  coused  by  the 
high  velocity  of  streu  propogotion  in  the  shells  os  compared  to  the  soil. 

Additionol  studies  ore  required  before  it  will  b*  pouible  to  predict  the  dynomic  intersxtion  between  o  cylin^icoi 
dtell,  such  os  those  tested,  orsd  soils  in  gerterol.  The  tests  conducted,  however,  confirmed  quolitotive  predictions  of  the 
interaction  between  o  fine  sand  ond  simple  shell  structures  responding  within  the  elastic  range  ond  Kimished  some  uoto 
which  was  not  previously  ovoilable. 


INTRODUCTION 


Objectives  ond  Scope 

Kite  interoctTw  between  o  verticolly  oriented  cylindricol  shell  and  the  soil  surrounding  it  when  subjected  to  o 
stress  wove  traveling  m  the  direction  of  the  shell's  axis  is  o  problem  of  procticol  significonce .  Exomples  of  such  structures 
ore  miu'le  silos,  fuel  tonks,  and  occeu  and  ventilation  shefH  for  undergtoursd  instollotions  (see  Figure  I}.  Anolyticol 
coniiderotions  indicoted  (hot  o  cylindrical  stseii,  property  instrumented,  should  permit  the  calculation  of  the  loterol 
pressure  acting  at  the  soil-^ructuie  intetfoce  and  vf  the  load  troreferred  to  the  shell  by  the  soil,  or  vice  verso,  through 
shear  ot  the  interface. 

Further,  if  the  verticol  pressure  could  be  measured  ot  various  depths  in  the  soil  odjocent  to  the  shell,  it  would  be 
possible  tc  obtoin  o  ratio  between  the  lateral  pressure  colculoted  hom  strain  measurements  in  the  pipe  and  the  vertical 
preuuie  in  the  toil  at  the  some  depth.  ThU  ratio  is  not  thot  denoted  b>-  K  in  soil  mechanics  literature  for  reosora  which 

^Associate  Ftofeisor,  Deportment  of  Civil  Engineering,  University  of  Minnosoto,  Mirmeopolis,  Minrsosoto. 
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will  be  discussed,  but  it  would  furnish 

information  of  value.  Unifomly  Dietributed  Meet  Preeeure 

Thus,  the  basic  objectives  of 
the  experimental  progrom  were: 

0.  to  obtain  information  re¬ 
garding  the  ratio  between  the 
la^erol  pressure  acting  on  a 
cylindrical  shell  in  soil  and 
tie  vertical  pressure  in  the 
soil  at  the  same  depth, 

b.  to  obtain  information  re¬ 
garding  the  transfer  of  lood 
between  the  soil  and  the 
shall  through  sheor  at  the 
interface,  and 

c .  to  determine  whether  there 

were  fundamental  differences 
in  the  soil-structure  inter¬ 
action  under  static  and  Fig.  i  Practical  Problem  Simulated  by  Experiment 

dynamic  load. 

Because  the  laboratory  equipment  employed  hos  never  been  used  for  such  studies  on  important  secondary  objective 
was  to  investigate  the  capabilities  of  the  equipment  for  such  studies.  For  this  reason  and  becouse  of  time  and  cost 
limitations  the  test  program  was  limited  os  follows: 

a.  Only  a  non-cohesive  soil,  a  fine  sand,  was  used, 

b.  Structural  response  was  limited  to  small,  elastic  deflections. 

c.  Only  one  rise-time  was  employed  for  the  dynamic  loading. 

In  addition  to  the  above  it  is  known  that  gas  at  high  pleasures,  such  as  those  associated  with  blast  loading,  will 
penetrate  a  porous  medium  such  as  sand.  Such  penetration  undoubtedly  occurs  in  the  real  case.  This  is  o  problem  which 
requires  investigation.  However,  for  these  tests  It  was  decided  to  prevent  gcs  penetration  primoriiy  because  the  soil  sample 
was  so  small  that  the  gas  penetration  might  be  so  rapid  os  to  preclude  meaningful  meosurement* . 

Finolly,  an  inherent  limitation  of  the  laboratory  equipment  ovailable  is  that  it  can  not  produce  a  shock  wave  at 
the  surface  of  the  soil  somple.  While  this  limitation  is  not  of  major  significance  in  some  respects,  it  is  of  importance  in 
terms  of  structural  response.  It  was  recognized  before  the  tests  were  planned  in  detail  that  the  ratio  of  the  rise-time  of 
the  pressure  pulse  to  the  fundamental  natural  period  of  vibration  of  the  structure  would  be  so  large  that  there  would  be  no 
dynamic  amplificotion  of  structural  response. 


Nototion 

A  ==  an  area;  various 

Eh^ 

3  -  - X —  ,  characteristic  stiffness  of  the  shell  in  flexure 

12(1- v^) 

c  =  velocity  of  stress  propagation  in  ony  material 


c^  =  viscosity  coefficient 

C,C|,^ j,C2,C,,,C2,C2  -  constants  of  integration 

D  =  — ,  characteristic  stiffness  cf  shell  in  compression 

1- 

E  elastic  modulus  of  shall  material 


f  =  a  measure  of  the  shear  at  the  soil-structure  interfoce 


h  =  thickness  of  the  shell  in  tlie  z-  (or  radial)  direction 


k^  =  characteristic  stiffness  of  shell  in  compression 

k^  =  characteristic  stiffness  of  soil  column  in  compression 
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subgrode  modulus  in  soil 

ratio  of  lateral  to  vertical  stress  in  soil  under  conditions  of  plane  deformation 

ratio  of  lateral  pressure  at  soil->structure  interface  to  vertical  pressure  in  soil  adjacent  to  shell 

length  of  cylindrical  shell  in  the  x->direction 

a  constciot 


confined  modulus  of  compression  for  soil 


f 


h 

^232 

2  dz  =  - — — ;  M  =  unit  bending  moment  in  the  x-direction,  (— 


^  *  EH  ^  w 

r  ty  dz  =  - s  “V  -Q  ;  N  =  unit  normal  force  In  the  x-direction,  or  force  per 

j_h  ^  i-V^  ^  ^  unit  length 


fEH  VY  ^ 

^  dz  =  -  ■'  jL  -  V  N  =  unit  normal  force  in  the  y-direction,  or  force  per 

h  y  r  ax  y 


l-V 


unit  tength 


uniform  rodiai  pressure  acting  on  a  cylindrical  shell 
noturoS  circular  frequency  of  shell  in  mode 
pressure  acting  at  the  soil  surface 
vertical  pressure  in  the  soil 


h 


Q 

X 


=  unit  normal  shear  perpendicular  to  the  x-axi$,  (force/length) 


^  ,  ratio  of  stiffnesses  of  shell  and  equivalent  soil  column  in  compression 

radius  of  shell 

radius  of  soil  container 

time 

period  of  vibration 

displocement  of  shell  In  A-direclIor. 

displacement  of  shell  in  radial  or  z-direction 

coordinate  along  the  axis  of  the  shell  from  top 

L-x,  coordinate  olong  the  axis  of  the  shell  from  bottom 
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z  =  radial  coordinate  of  shell 

^  =  damping  coefficient 

0  =  correction  factor  for  effect  of  shell  thickness  on  radial  strain 


V  =  Poisson's  ratio  of  shell  material 
moss  density  of  the  shell  material 
stress  in  shell  in  x-direction 
stress  in  shell  in  y-direction 
angle  of  internal  friction  of  soil 

ANALYTICAL  CONSIDERATIONS 

Before  undertaking  the  experimental  program  several  questions  were  raised,  the  answers  to  which  were  necessary 
to  the  design  of  the  experiment,  to  the  choice  of  structures  to  be  tested  and  their  instrumentation,  and  to  the  analysis  of 
the  data  obtained.  Among  these  questions  were; 

1 .  What  is  the  variation  of  vertical  and  lateral  pressure  with  depth  in  the  soil  sample  under  static  load? 

2.  How  far  from  the  end  of  the  shell  should  the  first  gouge  line  be  placed  to  avoid  flexural  strains  developed 
by  the  support  conditions? 

3.  What  affect  would  flexure  induced  by  a  variotion  of  lateral  pressure  have  on  the  strains  in  the  shell? 

4.  What  effect  would  pipe  wall  thickness  hove  on  the  strains  measured? 

5.  Is  it  possible  to  predict  what  the  interaction  between  the  soil  and  the  structure  should  be  under  both  static 
end  dynamic  load? 

In  addition,  as  the  work  progressed  it  become  clear  that  some  additional  definitions  were  required  to  ensure  that 
the  data  and  subsequent  calculations  were  properly  interpreted  and  not  confused  with  other  similar  expressions.  In 
particular,  the  meaning  of  the  ratio  of  effective  lateral  pressure  to  the  vertical  stress  in  the  soil,  os  c^tained  from  these 
experiments,  required  clarification.  Thus  a  brief  discussion  of  the  meoning  of  the  ratio  defined  as  Kf  in  this  document, 
is  included. 

The  question  of  the  possibility  of  dynamic  response  of  the  structures  tested  is  raised  and  answered  in  Appendix  A. 
The  calculated  natural  frequencies  of  all  structures  tested  are  so  high  that  no  dynamic  response  of  the  shells  could  be 
anticipated,  in  one  particular  respect  this  is  fortunate;  the  pipes  used  also  served  os  soil  pressure  gauges  and  the  lock 
of  dynamic  response  simplified  the  loteral  pressure  calculations. 

Variation  of  Vertical  Soil  Pressure  with  Depth-Static  Case 

TWs  apparently  simple  problem  has  been  given  considerable  attention.  The  simplest  approach  is  that  developed 
by  Taylor  (1).  With  it  an  expression  may  be  developed  for  the  variation  of  the  "average"  pressure  as  a  function  of  depth 
under  the  planned  test  conditions.  Taking  the  sum  of  the  vertical  forces  shown  in  Figure  2; 

2  2  ^  ^v 

(R:  -  R  )  dx  +  fKp  2jr{R  -t  R)  dx  =  0 

T  X  V  f 

from  which 

2fK 

If  it  is  assumed  that  f  and  K  do  not  vary  with  x; 
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In  Equation  1 ,  R  is  the  radius  of  the  shell  in  the  tank,  R  is  the  radius  of  the  tank,  K  is  the  ratio  of  the  lateral 
stress  to  the  vertical  stress  in  the  soil  at  the  soil  structure  interface  and  f  is  the  coefficient  of  friction  between  the  sand  and 
the  wail  or  the  tangent  of  the  angle  of  internal  friction  in  the  soil  whichever  is  smaller.  P 

The  assumption  that  f  and  K  do  not  vary  with  x  is  a  ° 


gross  one  and  will  be  discussed  more  fully  later.  Even  the 
use  of  the  ratio  K  is  open  to  discussion  here.  However,  it 
will  be  established  that  if  the  tank  wall  and  structure  ore 
rigid  compared  to  the  soil,  the  assumption  that  f  does  not 
vary  with  depth  is  justified.  Further,  defining  K  properly 
will  permit  its  use  in  the  expression. 


Effect  of  End  Restraint  and  Load  Variation  on  Strains 


The  effect  of  end  restraint  on  the  strains  in  an 
elastic  thin  shell  subjected  to  a  uniform,  radially  symmetric 
load  has  been  investigated  (2).  It  has  been  estoblished  that 
even  assuming  a  "fixed"  end  condition  the  flexural  strains 
induced  are  limited  to  a  narrow  zone  in  the  vicinity  of  the 
end.  To  the  author's  knowledge  the  effect  of  an  exponen¬ 
tially  varying  load  on  the  strains  in  the  shell  has  not  been 
investigated.  Since  the  analysis  requires  the  assumption 
of  boundary  conditions,  these  two  effects  may  be  determined 
from  an  analysis  of  an  elastic  thin  shell  subjected  to  a 
radially  symmetric  load  which  varies  exponentially  with  x. 

The  worst  end  condition  which  can  be  imagined  for 
the  test  structure  is  a  fixed  end  condition;  that  is,  both 


rotation  and  radial  displacement  are  prevented  by  the  cap 


at  the  top.  In  fact,  such  restraint  can  not  be  achieved  but 
the  disturbance  created  by  less  restraint  will  not  be  felt 
as  far  from  the  end.  Thus  for  the  purposes  of  the  problem 
at  hand,  the  assumption  of  a  fixed  end  is  conservative. 

Using  Timoshenko's  coordinate  notation  (3)  (see 
Figure  3),  the  differential  equation  of  static  equilibrium  of 
the  shell  may  be  written  ns; 


-2“-  B  P.W-" 
BR 


Fig.  2  Notation  for  Variation  of  Vertico!  Soil 
Pressure  with  Depth  in  Contoiner 


Kp^e 


Fig.  3  Notation  for  Thin  Cylindrical  Shell  Subjected 
to  Radially  Symmetric  Load  Which  Varies 
Exponentially  with  x 
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The  homogeneous  solution  of  Equation  2  may  be  written: 

=  e  (C  j  cos  A  ^  +  C2  sin  A  ^  ) 


-A- 

+  e  ^  cos  X  ^  +  ^2  ) 


where 


*  f~lF 

X » y  12% 


X  -  L  -  X 


The  assumed  boundary  condition:  are: 


W  *  x-O 


(o)  ^  .0 


(b)  w  =0 

x=L 


dw| 


Assuming  that  the  lateral  pressure  varies  exponentially  with  x: 


„  -mx 
•^Py  '^Pq  *  ' 


a  particular  solution  may  be  obtained. 
Let 

w  =  C-ie 
P  3 


Substituting  the  assumed  particular  solution  in  the  differential  equation,  it  may  be  determined  thot: 

j.  -mx 
Kp  e 


Now  letting 


B(m  +  ^  ) 
R 


Kp 

C3-  - V- 

B(m^  +  ^  ) 

R 


the  complete  solution  may  be  written 


w  =  e  ^  (C  j  cos  A  ^  +  Cj  sin  A  ^  ) 


-AJ  _  - 

+  e  (C  ^  cos  Ai 


+  C.,  e 


where  w  is  the  radial  displacement  of  the  shell. 
From  boundary  condition  (a): 


S  I  I 

C  ^  +  e  (Cj  cos  A II  ♦  ^2  ^  ^3  “  ® 
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From  (b) 

-A*- 

e  ^  (C^  cos  A  +  Cj  sinA  "'*’  =  0 

From  (c) 

,  s  L 

From  (d) 

.At  r 

-  i  .  '  [(Cj  -  C ,)  .i. MC,  .  Cj)  CO. A JJ  4 C,  £3  -  m  C3  .  0 

Since 

>-R 

*  h 

A  >  2,  for  any  reasonable  shall  thickness.  Further/  for  the  shells  tested 


therefore  e  *  »0,  and  on  approximate  solution  moy  be  obtained  by  ignoring  those  terms  which  contain 
Thus,  the  equations  obtained  from  the  boundory  condition  reduce  to; 


(O) 

(b) 

<c) 
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may  be  neglected.  If  this  is  done  the  radial  displocemenr  of  the  shell  may  be  expressed  by: 

C-mx 

3  ® 


or,  substituting  the  expression  obtained  for  by 


Kp  e 


-mx 


- - j- 

B(m 

R 


(5o) 


The  effect  of  the  exponential  decay  of  iaterol  pressure  on  the  radial  displocement,  at  some  distance  from  the  end, 
is  indicoted  by  the  term,  m^,  in  the  denominator  of  Equation  5a.  That  equation  may  be  rearranged  os  follows: 


^  -mx 
Kp  e 
o 

'^=—1 - JT— 

(1  + — j-  ) 

R 

fD  K 

From  Equation  5b  it  is  apporent  thot  if  (I  +  ^  i  1,  the  effect  of  the  load  variation  on  the  lateral 

displacement  is  negligible.  ^ 

From  the  preceding  discussion  of  the  variation  of  verticol  load  with  depth,  m  may  be  expressed  as: 

2fK 

m= - ip- 

*  t 


(5b) 


For  static  iooding  reosorwble  maximum  values  for  f  and  K  are  I  ortd  0.5  respectively.  Since  R^  fit  12  and  Rfic  2 


m  Qc  0.1 

and 

A 

m  s*  0.0001 

Since 

4  2. 2 

4  4 

— ^  ,  Roi  2,  ond  h  ^^1,  then 

(1  Oil. 

Therefore  it  is  concluded  that  the  effect  of  the  tood  variation  on  radial  displocement  is  negligible  and  that  the 
effect  of  the  end  restraint  may  be  ovoided  by  placing  the  first  line  of  gauges  at  o  distorwe  x  from  the  end  such  that 
expreuion 


is  negligible. 

In  o  similar  motsner,  the  flexural  displacement  due  to  o  constant  axial  lood  moy  be  shown  to  be  negligible 
urnler  the  assumed  Iooding  conditions. 

Development  of  Expressions  Used  for  Doto  Anotysis 

Moving  esmliUvttj  that  tlie  structures  wilt  not  respond  dynomicoily  to  the  applied  loading  ortd  thot  flexural 
deformotions  induced  by  the  end  restraint  ond  the  lood  voriotion  moy  be  avoided  or  ore  negligible,  the  erpKrtions  of 
equilibrium  for  the  shell  reduce  to 

i[v  *1:  ] 
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Rearranging  Equation  6  and  integrating  with  respect  to  x,  yields 


ax  J 


1 


fKp  dx  +  V  -R  +  C 
V  R 


point: 


The  value  of  the  constant  of  integration  can  be  obtotned  by  evaluating^ 


au| 

5Hx=0“ 

Po« 

■15- 

Therefore 

c  -  - 

and 

0U  _  _  1 

ax  “B 

1 

O 

From  (7) 

dx  +  V 


p  R 

w  "^o 

■r"T5 


at  X  =  0,  noting  that  w  -  0  at  this 


(8) 

(9) 


The  measurements  which  are  possible  on  the  shells  are  measurements  of  vertical  strain  ^u/ax)  and  circumferential 
strain  (w/R).  Thus,  from  Equation  9  the  product  Kp^  may  be  obtained  and  then,  if  f  is  assumed  to  be  constant  between 
two  successive  gouge  lines  the  value  of  f  may  be  obtained  from  Equation  8  as  follows: 


Let 


be  the  vertical  strain  at  depth  x^ . 


Similarly 


Then 


and 


ax  5 

X, 


o 


KPv  V 


'Tir 


(10) 
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The  indicated  integration  was  performed  numerically  using  Newmark's  (12)  concentration  formulas,  which  is 
equivalent  to  representing  the  variation  of  Kp^  with  x,  by  a  second  degree  polynomial  of  the  form 

Kp  =  ox^  +  bx  +  c 

V 

Effuct  of  Shell  Thickness  on  Circumferential  Strain 

In  the  foregoing  analysis  the  shell  was  assumed  to  be  a  thin  shell .  For  such  shells,  the  circumferential  strain  does 
not  vary  significantly  from  the  middle  surface  to  the  extreme  fiber.  However,  os  the  thickness  of  the  shell  increases  this 
is  no  longer  true.  Significant  concentrations  of  strain  may  occur  at  the  inner  surface,  particularly,  where  the  strain  gauges 
were  placed  to  avoid  possible  damage  resulting  from  relative  displacement  between  the  soil  and  the  structure. 

From  Equation  9  it  may  be  seen  that  the  effect  of  o  concentration  of  circumferential  strain  is  to  increase  the 
calculated  value  of  the  effective  lateral  pressure.  Further  from  the  development  of  the  basic  shell  equations  (3)  it  may  be 
seen  that  a  resonable  approximation  to  the  correction  foctor  required  may  be  expressed  os 

8= - U 

where  8  is  the  correction  factor  which  must  be  applied  to  the  circumferential  strain,  h  is  the  shell  thickness  and  R  the 
radius  of  the  shell . 

The  preceding  expression  is  based  on  an  assumed  linear  variation  of  strain  with  distance  from  the  middle  surface. 
Although  the  actual  variation  is  known  to  be  not  lirsear  (4)  for  cases  of  plone  strain,  a  more  elegant  approach  is  believed 
to  be  unwarranted  in  this  cose.  There  are  many  other  variables  whose  effect  can  not  be  evaluated. 

Definition  of  K  and  f 

It  is  apparent  from  Equations  9  and  10  that  it  is  not  possible  to  determine  the  value  of  K  from  the  data.  What  moy 
not  be  so  apparent  is  that  if  friction  is  present  at  the  soil-structure  interfoce,  as  implied,  the  ratio  of  the  loteral  pressure 
on  the  pipe  to  the  vertical  pressure  in  the  soil  is  not  the  ratio,  K,  as  defined  in  theoretical  soil  mechanics.  Tenoghi  (5) 
defines  K  os  the  ratio  of  the  lateral  pressure  to  the  vertical  pressure  in  soil  under  conditions  of  plone  deformotion;  that  is, 
under  the  condition  that  no  shear  exists  on  horizontal  and  verticol  sections.  Therefore  even  if  the  value  of  K  could  be 
determined  from  the  strain  data  obtained  from  measurements  on  the  shell,  it  would  not  be  the  same  ratio  os  defined  in  soil 
mechanics  literature. 

To  avoid  confusion,  then,  for  purposes  of  this  investigation  the  ratio  of  the  effective  loteral  pressure  on  the  pipe  to 
the  vertical  pressure  in  the  soil  will  be  designated  Kf. 

Vertical  pressure  measurements  were  obtained  in  the  soil  by  means  of  a  soil  pressure  gouge  described  in  Appendix  B. 

As  used  in  the  development  of  the  expression  for  the  voriotion  of  vertical  soil  pressure  with  depth,  it  is  implied 
that  f  hos  some  constant  value.  This  implication  is  obviously  incorrect,  becouse  f  moy  hove  any  mognitude  between  zero 
and  some  maximum  value  which  is  either  the  coefficient  of  friction  between  the  soil  and  the  structure  or  the  tangent  of  the 
ang*«  of  internal  fraction  of  the  soil,  whichever  is  smaller.  If  the  displocement  of  the  soil  ond  the  structure  at  a  given 
depth  are  equal  there  is  no  transfer  of  load  from  soil  to  structure  or  vice-versa,  if  the  displacement  of  the  soil  relative  to 
the  pipe  ot  a  given  depth  is  sufficient  to  cause  slippirsg  between  the  toil  orsd  the  structure  or  a  shear  foilure  in  the  toil 
odjocent  to  the  interfoce,  or,  if  either  behavior  it  irKipient,  the  magnitude  of  f  will  be  o  maximum.  Further,  it  it 
obvious  thot  f  may  have  any  absolute  volue  between  zero  and  this  maximum. 

The  sign  of  f  it  orbitrary.  For  this  analysis  it  wot  assumed  that  f  it  positive  when  the  toil  it  loading  the  structure; 
thot  it,  when  the  toil  it  moving  or  tending  to  move  down  with  respect  to  the  structure.  Conversely  the  sign  of  f  it  negotive 
when  the  structure  is  moving  or  tending  to  move  down  with  respect  to  the  toil . 

Anticipoted  Soil-Structure  Interoction 

Iven  tn  tlie  simplest  static  cote,  the  prediction  of  toil -structure  interaction  it  difficult.  Consider  the  cose 
depicted  in  Figure  1 .  Aaume  a  uniformly  distributed  static  pressure  applied  to  the  turfoce  of  a  semi-infinite  medium  which 
turrourxit  a  cylindrical  shell  of  length,  L.  Both  the  shell  and  the  turrourtding  medium  ore  reitirtg  on  o  rigid  foursdotion. 

In  the  verticol  direction,  the  stiffneu  of  the  shell  moy  be  characterized  by 

,  AE  2W  RhE 

S  ‘r  ■  -T— 

Auumiisg  the  toil  to  be  elastic,  the  stiffness  of  a  similar  column  of  soil  may  be  characterized  by 

,  AM  ir  R^M 

‘‘2"t  '  “r" 
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where  M  is  the  confined  modulus  of  the  soil  in  compression. 

Ignoring  the  effect  of  Poisson's  ratio  in  the  two  moteriols,  the  vertical  deflection  ot  all  depths  in  the  soil  and  the 
shell  would  be  equal  if  kj  =  k2.  Under  these  corxiitions  there  would  be  no  shear  at  the  soil -structure  interface  (i.e.,  f 
would  be  zero). 

The  ratio  of  stiffnesses,  then,  may  be  used  to  make  qualitative  predictions  concerning  the  interaction. 

‘‘J  E 
'k"l^  "^1?  M 

vhere  r^^  is  the  ratio  of  stiffnesses  of  the  shell  and  the  soil. 

When  the  ratio  r|^  =  I,  the  soil  orsd  the  structure  will  move  together.  If  the  structure  is  essentially  rigid  compared 
to  the  soil;  that  is,  if  is  very  large,  the  soil  will  move  down  with  respect  to  the  structure  os  lood  is  applied.  Under 
this  condition,  it  may  be  reasonable  to  assume  that  the  value  of  f  is  a  maximum  olong  the  entire  length  of  the  shell  and  it 
should  be  possible  to  determine  the  response  of  the  structure.  However,  the  usuol  cose  is  not  so  cleor  cut. 

For  reinforced  concrete  shafts  and  other  similar  structures,  Iv'R  ranges  from  about  0. 1  to  0.05.  Assuming 
E  =  4  X  10^  and  M  =  5  X  10^,  which  is  a  reasonable  value  for  the  constrained  modulus  of  sand  (6),  it  may  be  computed 
that  values  of  r)^  from  8  to  16  ore  reosonable  for  reinforced  corKrete  structures.  Even  lower  values  of  ore  not  unusual, 
particularly  for  steel  structures. 

The  vertical  displacement  in  the  soil  is  rtot  depersdent  upon  behavior  of  the  structure  o1  large  distances  from  the 
structure  so  if  the  properties  of  the  soil  are  krsown  the  vertical  displocement  may  be  computed  as  o  function  of  depth  at 
such  distances.  Further  the  vertical  displacement  in  the  shell  at  any  depth  could  be  determined  by  integrating  the  stroins, 
computed  by  meons  of  Equation  8,  from  the  rigid  foundation  to  the  point  of  interest.  However,  even  igrsoring  variations  in 
lateral  pressure  resulting  from  radial  displacements  of  the  shell,  it  is  sirqply  not  possible  to  determine  the  variation  of  t 
with  depth  in  odvartce  of  the  calculation.  An  iterative  solution  might  be  possible  at  some  loter  time  ofter  more  is  known 
obout  soil-structure  interaction. 

Despite  the  obvious  complexities  of  the  problem  and  the  simplicity  of  the  opprooch  used,  such  considerations 
do  permit  a  qualitative  prediction  of  the  behavior  of  the  soil-structure  system  urvier  the  conditions  described.  Assuming 
a  structure  which  is  only  slightly  stiffer  than  the  soil  it  is  opporent  that  near  the  surface  the  vertical  displocement  of  the 
soil  will  be  greater  than  that  of  the  structure  ond  that  lood  will  be  troraferred  to  the  structure  from  the  soil  through  shear. 
The  increased  lood  will  produce  increased  strain  in  the  structure  below  that  depth.  Such  transfer  should  continue  down  to 
o  depth  such  that  displacement  in  the  structure  equols  the  displocement  in  the  soil.  Below  that  depth,  under  stotic  lood, 
the  soil  and  structure  displacements  should  remain  equol .  Any  tenderxy  on  the  port  of  t  structure  to  move  down  relotive 
to  the  soil  would  result  in  a  transfer  of  lood  to  the  soil,  thus  mointoining  compatible  displacement. 

Urtder  dynamic  looding  the  problem  is  so  much  more  complex  that  no  oHempt  will  be  mode  to  discuu  the  general 
case  which  involves  elastic  vibrations  of  the  structure  os  well  as  dynomic  response  of  the  soil .  As  previously  stated  no 
dynamic  response  of  the  structures  was  onticipoted  in  this  test  program.  The  fundamental  notural  period  of  longitudinol 
vibration  of  a  steel  pipe  obout  2  feet  long  is  about  0.47  millisecorrds  ond  for  o  steel  pipe,  4  inches  in  diometer,  the 
noturol  period  in  the  so-called  "breothing  mode"  is  about  0.06  milliseconds.  Since  the  plonrwd  rise-time  of  the  preuure 
pulse  was  greoter  than  10  millisecorsds  the  structural  response,  though  rapid,  would  not  be  dynomic. 

For  the  soil,  on  the  other  bond,  the  fundomentol  period  of  iortgituditsol  vibration  could  not  be  determined  prior 
to  tMt.  The  fundomerstol  natural  period  of  vibration  of  o  column  of  any  moteriol  supported  by  o  rigid  base  moy  be 
expressed  os 


c 


where  T  is  the  period  in  seconds,  L,is  the  height  of  the  column  in  feet  and  c  is  the  velocity  of  shew  propagotion  in  the 
material  in  feet  per  second.  For  fine-grained  sortd,  Borhon  (7)  gives  o  compreuion  wove  velocity  of  Obout  1000  fps. 

Thus  for  e  soil  sample  obout  2  feet  long,  T  ^  8  milliseconds,  ar«d  olthough  the  computed  fundomentel  rNshirol  period 
of  the  soil  somple  is  somewhot  shorter  then  the  rise-time  of  the  pressure  pulse,  the  load  may  be  cotssidcred  dynomic  intofor 
os  the  soil  it  corteeined.  If  the  toil  were  elastic,  some  dynomic  omplificotion  of  the  response  could  be  anticipated. 

However,  of  more  importonce  to  this  investigation  it  the  fact  that  the  stress  wove  traveling  through  the  pipes  will 
reoch  the  bote  of  the  tank  at  timet  which  ore  measurably  earlier  thon  the  orrivol  of  the  strew  wove  in  the  toil .  Thus,  the 
pipes  should  tend  to  move  down  with  reiptct  to  the  soil  prior  to  the  arrival  of  the  stress  wove  in  the  toil  at  o  given  d^h, 
resulting  in  o  transfer  of  load  from  the  pipe  to  the  soil  in  Hon-  o?  •  w  stress  wove  in  the  soil  •  Then  os  the  stress  wove  in 
the  soil  pawes  that  point  and  the  soil  below  becomes  stressed  the  verticoi  displocement  in  the  toil  may  bocomt  lorge 
ortough  to  reverie  the  relative  motion  of  soil  and  structure.  This  behavior  would  bo  reflectod  in  o  change  in  sign  of  f . 

In  view  of  the  foct  thot  vary  little  is  known  about  soil -structure  interaction  under  dynomic  lood  very  little  more 
could  be  said  about  the  onticipotod  behavior  prior  to  tost.  The  tost  progrom  os/tlinod  below,  then,  rmist  bo  coraidored 
os  axplorolory  in  noturo . 
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EXPERIMENTAL  WORK 


Infroduction 

fnTrood  ootline  rhe  experimental  work  consitted  of  a  series  of  tests  of  three  instrumented  pipes,  which  were  first 
tested  in  uniaxial  conpression  to  obtain  information  regording  the  physical  properties  of  the  moteriols  of  which  the  pipes 
were  mode  (i.e.,  Young's  modulus  ond  Poisson's  ratio).  Subsepuentiy,  the  three  pipes  were  ploced  in  a  tonk,  surrounded 
Sy  soil  (a  fine,  dry  sand)  ond  subjected  to  both  static  ond  dynomic  loading.  The  orientation  of  the  pipes  in  the  tonk  wos 
os  shown  in  Figure  4. 

A  total  of  14  static  tests  ond  12  dynamic  tests 
were  conducted  a  The  moximum  pressure  of  the  surfoce 
of  the  soil  sample  for  each  test  is  given  in  Table  I . 

Test  Focilities 

t^e  f'acilities  employed  for  the  soil-structure 
interaction  studies,  both  static  ond  dynamic,  consisted 
of  0  cylirsdricol  steel  tonk  (see  Figure  4)  mounted  on  a 
platform.  For  the  static  test  the  tank  was  fitted  with  o 
flat  head.  Figure  5,  to  conserve  gas  and  to  speed  up 
the  testing  program.  For  dyrsomic  tests  the  testing 
mochine  used  in  this  study  was  a  60,000  pound  capocity, 
gos  operated,  slow  or  rapid  loading  device  originally 
designed  and  corsstructed  by  Egger  (8).  (See  Figure  6 
for  o  view  of  the  dynamic  loodirtg  machirte  mounted  on 
the  soil  contoiner.) 

The  60  kip  mochirse  was  modified  to  permit 
simulation  of  blast  loading  from  o  nuclear  or  thermo- 
nucleor  weapon.  Details  of  those  modificotioru  and 
the  operotirsg  chorocteristics  of  the  mochirse  os 
mounted  for  these  tests  ore  contained  in  onother 
document  (9)  ond  will  not  be  repeoted  here. 

However,  a  brief  description  of  the  mochirse 
and  its  operation  ore  in  order . 

The  mochine  used  for  this  test  series 
consisted  of  orvt  external  compression  or 
charging  chamber  together  with  its  osiocigted 
slide  valve  chomber  ond  on  octahedral 
tromition  section.  The  tionsition  section, 
which  served  as  the  expansion  chomber  was 
cwsnected  between  tfte  12-inch  diameter 
slide  valve  chomber  orsd  the  24-inch  diometer 
steel  drum  or  tonk  mentioned  above  as  shown 
in  Figsrre  7. 

A  boffle  ond  grid  were  ploced  in  o 
Ironsition  ri.^  os  shown  in  Figute  6.  The 
psrrpoM  of  the  baffle  and  grid  wos  >o  ochieve 
0  uniform  distribution  of  pressure  on  the 
surfoce  of  the  soi  I  in  the  tonk  below .  This 
porticulor  combination  of  boffle,  grid  ond 
spocing  between  the  grid  and  the  toil  surfoce 
hos  been  investigated  experimentally  (9)  owd 
fouisd  to  produce  very  good  results . 

Tne  boffle  used  consisted  of  o  solid 
plate,  0.5  inch  thick  and  7  irKhes  in  diometer 

ond  was  held  3.5  inches  above  the  grid  by  three  legs  bolted  to  th*  grid^  The  grid  used  was  fabricated  from  o  0.75  inch 
steel  plote  by  drilling  opproximotely  925  orte-hoif  ifKh  diometer  holes  through  it  so  that  the  orec  of  the  Hcics  was  about 
40  percer«t  of  the  total  grid  area . 

A  trmition  ring  wos  fobricoted  la  provide  o  ipecir^  of  oppraximo»ei>  2.0  inches  fror-  the  bottom  of  the  grid  to  the 
neoprene  diophrogm  separotirsg  the  exportiion  chamber  from  the  surfoce  of  the  so*!  in  the  to^'^k  .  in  addition,  o  hoi# 

was  bored  in  the  side  of  the  tronsiiion  ring  to  permit  installation  of  o  Kistier  pressure  tfamducer.  Mode)  60),  which  was 


Fig.  4  View  of  Soil  Contoiner  Showing  Orirtetotion  of 
Toit  Structure  (Pipe)  in  Tonk 

Toble  I 
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Fig.  5  View  of  Soil  Container  Showing  Head  Fig.  6  View  of  Soil  Contoiner  with  60  kip  Dynamic 

Lhed  for  Stotic  Te$h  Looding  Device  U»ed  for  Dynamic  Tests 


used  to  (neosure  the  gas  pressure  on  the  surfoce  of  the  soil  os  o  function  of  time. 

T'.>  operate  the  dynamic  loading  device  it  was  necessary  to  charge  the  extemol  compression  chomber  to  some 
predet-irmii'ied  pressure  level,  charge  the  ouxiliory  chambers  which  couse  the  piston  to  travel  upword,  oiid  then  release 
the  piston.  As  the  pressure  in  the  auxiliary  chamber  forced  the  piston  upword,  the  gos  at  high  preuure  in  the  compression 
chomber  vented  into  the  expansion  chamber  ond,  filling  the  chamber,  loaded  the  surface  of  the  soil  with  o  relatively 
uniform  pressure  which  very  rapidly  to  a  peak  value  determined  by  the  initiol  pressure  in  the  compression  chamber. 


Specimens 


Soil  As  stated  previously,  to  reduce  the  number  of  vcriobies  in  this  test  series  only  one  soil  woi  employed;  o 
fine  dry  sand.  Using  the  test  procedures  described  beiow,  the  soil  wos  compacted  to  o  density  of  about  106.5  pounds 


pe:  cubic  foot  for  each  test . 

The  soil  used,  Songomon  River  Sand, 
hcs  recently  been  tested  in  o  series  of  <  -.e” 
dimenS'Or^l  tests  by  Hsndron  (6).  further 
information  regordiisg  its  propertiis  ore 
available  In  that  docurnent. 

Pipes  Three  segments  of  pipe  of 
varying  stiftneu  were  used.  Th#  dimensions 
and  properties  of  each  of  the  pipes  ore  listed 
in  Table  2. 

ImtTumentotion 

Soil  Vsaiicol  pre<Uvr«  mewwrements 
were  obtoined  in  the  soil  ot  two  levels  in 
eoch  test  using  the  sail  pressure  oouges 
dCMfiiwi  in  Appendix  A.  Soil  pressure 
gouge  No.  3  w«  plocod  ot  o  depth  of 
1,5  inches  below  the  surfoce  of  the  sond  and 
ot  the  midpoint  between  the  pipe  wall  and 
the  tonk  wall  for  all  tests.  The  loeoiion  of 
toil  pressure  gouge  No.  4  is  listed  in 
Toble  3  for  each  test. 


Fig.  7  Schematic  of  Experimento)  equipment  Used  for  Dynamic  Tests 
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Pipes 

9T7w 


Each  pipe  was  instrumented  os  shown  in 
Figure  9,  Twelve  SR4  'T'-gauges,  type  AX-5,  manu- 
ractured  by  the  Baidwin-Lima-Hamilton  arporation,  were 
mounted  on  the  inside  of  each  pipe;  four  at  each  gauge 
level .  These  gauges  v/ere  used  to  obtain  "averoge" 
circumferential  and  vertical  strains  at  4,  10  oskI  16  inches 
below  the  top  of  the  pipe.  That  is,  the  four  vertical  and 
the  four  circumferential  strain  elements  were  connected  in 
series  and  balanced  by  four  dummy  gauges  outside  the  pipe 
as  shown  in  Figure  10. 

Gos  Pressure  For  the  static  tests  the  gas  pressure 
on  the  surface  of  the  soil  was  ineosured  by  mean  of  two 
gauges;  a  1000  psi  capacity  gauge  with  10  pound  sub¬ 
divisions  and  a  100  psi  capacity  gauge  with  1  pound 
subdivisions.  The  latter,  of  course,  was  used  for  pressures 
up  to  100  psi  only. 

For  the  dynamic  tests  the  gos  pressure  os  a  function 
of  time  was  measured  by  a  Kistler  pressure  transducer. 

Model  601,  which  is  a  quartz  crystal  type  piezo-electric  Fig.  8 

sensing  device,  in  conjunction  with  a  Kistler  preamplifier- 
calibrator  unit.  The  outout  of  the  preamplifier  unit  was 

fed  into  the  CEC  (Consolidated  '^iectrodynomics  Corporation)  recording  oscillograph,  described  below. 


View  of  Soil  Container  Showing  Baffle 
and  Grid  in  Transition  Ring 


Data  Recording  Data  far  both  static  and  dynamic  tests  were  recorded  by  means  of  a  Type  5-124  recording 
oscillograph,  manufactured  by  the  Consolidated  Electrodynamics  Corporatioii,  which  is  a  multi-channel,  portable, 
ground  environment,  direct-recording,  photographic  type  Instrument.  It  uses  7-inch  wide  print-out  recording  paper, 
end  provides  up  to  18  channels  of  da^'i  on  visible  records  without  chemical  processing.  Using  standard  CEC  Type  7-300 
galvanometers,  dynamic  measurements  up  to  5000  cps  are  possible.  Five  record  speeds  are  available;  0.25,  1,4,  16  and 
64  inches  per  second.  The  slowest  speed 
was  used  for  the  static  tests  ond  the 
highest  speed  was  used  for  the  dynamic 
tests . 


Table  2 

Properties  of  Pipes  Used 


Uniaxiol  Compression  Tests 

A  lO0,OO0  lb  capacity  Baldwin- 
Southwark  Testing  Mochine  was  employed 
for  the  uniaxial  compression  tests,  which 
were  conducted  in  a  conventional  manner; 
the  load  being  applied  in  the  direction  of 
rhe  axis  of  each  pipe  segment.  Because 
these  tests  were  conventional  uniaxial 
compression  tests,  further  discussion  of 
the  test  procedure  is  not  warranted. 

Tests  in  Soil 

TTie  procedure  employed  for  both 
static  and  dynamic  tests  in  soil  was  as 
follaws: 

1 .  The  pipe  segment  was  placed 
in  the  tank  os  illustrated  in 
Figure  4.  The  leads  from  the 
strain  gauges  were  brought 
out  through  a  hole  in  the 
bottom  of  the  tank  and 
connected  to  the  remainder 
of  the  "bridge"  below  the 
platform.  To  avoid  lateral 
displace*  «nt  of  the  bottom 


Pipe  No. 

1 

r\ 

5 

Material 

Steel 

PVC* 

PVC 

Nominal  Size 

k 

4 

4 

OD  (in.) 

4.25 

4.5 

4.5 

ID  (in.) 

4.010 

4.026 

5  -  826 

Wall  Thickness  (in.) 

0 . 12** 

0.257 

0-557 

Approx,  wgt  per  ft. 

5.293 

1.899 

2  656 

Length  (in.) 

25-75 

25-75 

25-75 

Rj'ertex  Oinicron  PVC  (Polyvinyl  Chloride)  Plastic 
Specs : 

Specific  Gravity,  1.55  -  1.45 
Specific  Volume, PC. 5  •  19- 1  cu.in./lb. 

Tensile  Strength,  5000  -  9000  psi 
Elongation,  2.0  -  *+.0  %  c 

Mod.  of  Elast.  (Tension),  5-5  -  6  x  10^  psi 
Compressive  Strength,  8o00  -  15,000  psi 
Flexural  Strength,  10,000  -16,000  psi 

By  actual  meas-irement  the  pipe  wall  thickness  for  this  seamless 
steel  pipe  was  0.126  in. 
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of  the  pipe  o  positioning  disc  was  installed  in  the  bottom  of  the  tank. 

2.  Soil  wos  placed  around  the  pipe  in  six-inch  layers  and  compacted  by  meons  of  on  electric  vibrator. 

3.  After  the  tank  was  full  the  top  of  the  sample  was  leveled  with  a  steel  bar  (see  Figure  11)  and  the 
neoprene  diaphragm  was  placed  over  the  surface  of  the  soil. 

4.  The  fiot  head  used  for  the  static  test  series  was  then  attached  to  the  tank  and  a  static  pressure  of  100  psi 
wos  applied  to  the  surface  of  the  somple  to  compact  the  soil  further.  The  purpose  of  this  step  of  the 
procedure  was  to  obtain  os  nearly  uniform  compaction  os  possible  and  to  avoid  excessive  vertical 
deflection  of  the  surface  of  the  soil  which  could  result  in  rupture  of  the  neoprene  diaphragm. 

5.  After  compaction,  sand  wos  added  to  bring  the  surface  of  the  soil  flush  with  the  top  of  the  tank. 

6.  Depending  on  whether  the  test  to  be  performed  were  static  or  dynomic,  the  flat  head,  shown  in 

Figure  5,  or  the  60-kip  capacity  dynamic  iooding  machine,  shown  in  Figure  6,  was  attached  to  the  tank. 

7.  Calibration  steps  were  then  recorded,  for  each  test,  using  the  recording  oscillograph  described  above. 

8.  For  the  static  tests,  the  pressure  was  increased  to  a  maximum  ond  then  decreased  in  various  increments 
depending  on  the  pipe  employed. 

9.  For  the  dynamic  tests  the  machine  was  charged  and  fired.  Records  of  the  first  0.5  and  0.8  second  of 
response  were  obtained  with  the  recorder  paper  speed  at  64  inches  per  second.  The  pressure  was  then 
bled  from  the  expansion  chamber  and  records  were  obtained  of  the  stroins  at  pressure  levels  employed 
for  the  static  tests  of  the  same  pipe  during  unloading. 

A  sequence  of  two  static  and  two  dynamic  tests  were  conducted  with  each  pipe  for  the  first  test  series.  That  is, 
static  test  2  was  performed  without  removing  the  pipe  and  soil  from  the  container  after  completion  of  static  test  No.  1 . 
After  a  preliminary  analysis  of  the  dota  obtained,  three  static  tests  of  pipes  2  and  3  were  conducted  in  sequence  for  the 
second  test  series.  The  reasons  for  this  decision  and  the  results  obtained  are  discussed  below. 

PRESENTATION  AND  DISCUSSION  OF  TEST  RESULTS 
Unioxiol  Compression  Tests  of  Pipes 

T^e  uniaxial  compression  tests  of  the  pipes  were  ordinary  in  every  respect  ond  no  peculiarities  were  encountered. 
The  load-strain  relationship  was  linear  up  to  the  maxirrwm  strains  recorded;  about  0.001  inches  per  inch  for  the  steel 
pipe  and  about  0,004  inches  per  inch  for  the  two  plostic  pipes.  Calculated  values  of  Young's  modulus  voried  within  two 
percent  of  the  average  at  the  three  gauge  lines.  This  variation  was  probably  due  to  voriotions  in  pipe  wall  thickness. 


The  values  of  Young's  modulus  and  Poisson's  ratio  listed  below  for  each  pipe  were  obtained  by  averaging  the 
vertical  and  circumferential  strains  at  the  three  depths. 


static  test  No.  3  of  Pipe  No.  3,  during  which  the  gauge  Fig.  11  View  of  Soil  Container  Showing  Soil 

was  located  16  inches  below  the  surface  of  the  sand.  In  Surface  Before  Test 

subsequent  figures  the  unloading  cycle  will  be  omitted 
only  to  avoid  confusion. 

In  Figure  13,  the  strains  recorded  in  Gauge  No.  4  are  plotted  as  a  function  of  applied  surface  pressure,  during 
loading  only,  for  three  depths;  4,  16  and  24  inches  below  the  surface.  Only  one  static  test  was  conducted  with  soil 
pressure  gauge  No.  4  at  24  inches  below  the  surfoce.  However,  three  static  tests  were  conducted  with  that  gauge  at 
4  inches  below  the  surface  and  9  were  conducted  with  the  gouge  at  a  depth  of  16  inches.  There  was  less  scatter  in  the 
data  obtained  at  these  depths  than  at  the  1 .5  inch  depth  (see  Appendix  B).  These  data  were  subsequently  used  with  the 
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gauge  calibration  curve  in  Appendix  B  to  obtain  the  vertical  soil  pressure  existing  at  the  depths  noted  as  a  function  cF  the 
applied  surface  pressure.  Then  they  were  used  with  corresponding  lateroi  pressure  calculations  to  obtain  values  for  the 
ratio  Kp 

The  scatter  in  the  data  obtained  with  soil  pressure  gauge  No.  3,  which  was  placed  at  a  depth  of  1 .5  inches  for 
all  tests,  was  much  the  same  as  that  obtained  during  the  calibration  tests.  Since  these  data  were  not  used  in  subsequent 
calculations  they  will  not  be  discussed  further. 


Stroin  Doto  from  Pipes  Figure  14  shows  the  vertical  and  circumferentiol  strains  recorded  at  the  three  gauge 
lines  os  a  function  of  applied  pressure  at  the  surface  for  a  typical  test  of  the  steel  pipe.  Compressive  strains  are  plotted 
as  positive  and  tensile  strains  are  plotted  negative.  Only  strains  recorded  while  the  load  was  increasing  are  shown  to 
ovoid  confusion.  A  complete  load-strain  function  (for  the  16-inch  gauge  line  Pipe  No.  2,  Test  No.  5)  is  shown  in 
Figure  15.  Ali  strains  recorded  exhibited  the  same  general  shape  but  the  area  within  the  loop  was  much  larger  for  the 
plastic  pipes  than  for  the  steel  pipes. 

The  recorded  vertical  strains  in  the  pipes  increased  with  depth  at  all  pressure  levels  indic  ating  that  load  was  being 
transferred  to  the  pipes  from  the  soil  through  shear  at  the  interface  os  anticipoted.  The  total  load  transferred  was  less 
for  the  second  of  the  two  tests  in  the  sequence.  This  difference  is  believed  to  be  caused  primarily  by  the  fact  that  the 
soil  density  wos  greater  for  the  second  test  of  the  sequence. 

It  is  noted  that  the  decrease  in  vertical  strain  in  the  cose  of  the  steep  pipe  (Pipe  No.  1)  was  very  small  but  that 
the  decrease  was  significant  for  both  plastic  pipes.  The  steel  pipe  was  essentially  rigid  compared  to  the  soil  so  that,  for 
the  second  of  the  two  tests,  the  relative  displacement  between  the  soil  and  the  pipe  was  virtually  the  some  despite  the 
increased  soil  stiffness  resulting  from  the  additional  compaction  afforded  by  the  first  test.  This  hypothesis  was  confirmed 
by  the  shear  calculations  which  ore  discussed  later. 

At  the  4-inch  gauge  depth  the  circumferential  strains  were  compressive  for  all  tests.  At  the  10-inch  depth  the 
circumferential  strains  were  small  and  both  tensile  and  compressive,  varying  from  one  test  sequence  to  another.  However, 
at  the  16-inch  depth  (4  pipe  diameters)  the  circumferential  strains  were  tensile  for  all  tests.  At  this  depth  the  load  trans¬ 
ferred  to  the  pipes  was  so  large  that: 


vJi 


Xf  P 
f  '^y 


Voriation  of  Vertical  Soil  Pressure  with 
Applied  Load  and  Depth  Figure  16  shows  the 
vertical  soil  pressure  plotted  as  a  function  of  the 
applied  load  (load  increasing  only).  The  dashed 
line  represents  the  average  of  all  test  data  obtained 
at  the  depth  indicated.  Despite  the  large  scatter 
in  the  data  at  low  pressure  levels  particularly, 
the  relationship  appears  to  be  linear.  The  data 
for  the  24-inch  depth  is  not  shown  because  only 
one  test  was  conducted  with  soil  pressure  Gauge 
No .  4  at  that  depth . 

The  overage  value  of  Py/p^  for  each  test 
depth  is  shown  in  Figure  17  os  o  function  of  depth 
in  the  tank.  The  solid  line  represents  exponential 
decay  of  pressure  with  depth: 

where 

m  = 


2.3  fK 


0  50  100  150  ^ 

Stmin  in  0*uge (Micro- Inches  per  Inch) 


Fig.  12  Typical  Complete  Load-Strain  Function  for 
Soil  Preuure  Gauge  No.  4  -  Static  Tests 
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For  this  calculation,  values  of  0.93  and  0.4  were  auumed  for  f  and  K,  respectively;  which  ore  reasonable  os 
will  be  demonstrated  later. 

Although  the  average  of  all  data  obtained  ot  a  depth  of  4  inches  does  not  fall  on  this  line  the  averages  of  data 
obtained  at  the  16-  and  24-inch  depths  do  so. 

Voriotion  of  Loterol  Pressure  on  Pipes  with  Applied  Load  ond  Depth  Calculations  of  the  effective  lateral  pressure 
on  the  pipes  ot  the  t^ee  gauge  cTepths  (4,  10  and  16  inches)  were  mode  using  Equation  9  after  correcting  for  the  con¬ 
centration  of  circumferential  strain  by  means  of  Equation  11.  Values  of  Young's  modulus,  E,  and  Poisson's  ratio,  V  , 
obtained  from  the  uniaxial  compression  tests  of  the  pipes  were  used. 

There  is  good  correlotion  between  the  calculated  lateral  pressures  on  the  two  plastic  pipes  at  the  same  applied 
surface  pressures  and  depths.  However,  the  calculated  lateral  pressures  on  the  steel  pipe  was  considerably  less  than  the 
values  obtained  from  the  plastic  pipes  at  the  same  depths  and  applied  surface  pressures.  This  was  not  onticipoted  and  the 
cause  has  not  been  determined.  Assuming  thot  the  difference  is  real  and  not  an  odd  statistical  variation,  on  explanation 
may  be  found  in  the  difference  in  the  boundary  conditions  at  the  soil-stracture  interface.  The  value  of  the  shear  at  that 
interface  was  much  higher  for  the  tests  of  the  steel  pipe  than  for  the  tests  of  the  plastic  pipe^as  will  be  demonstrated. 


Fig.  13  Strain  in  Soil  Pressure  Gouge  No.  4  as  Function  of  Applied 
Load  for  Three  Depths  -  Static  Tests 
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Strain  in  Pipe  (micro-inches  per  inch) 


ANALYTICAL  AND  EXPERIMENTAL  STUDIES.  II 


Applied  Surfice  Pressure  (psl) 


Fig.  14  Vertical  and  Circumfarentlal  Strains  os  a  Function  of 
Appliod  Pressure,  Pipe  No.  1,  Stotic  Test  No.  1 
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Figure  18  shows  the  variation  of  lateral  pressure  on  the  plastic  pipes  as  a  function  of  depth  for  various  surface 
pressures.  The  average  values  of  the  effective  lateral  pressure  on  the  steel  pipe  at  the  three  gauge  depths  are  plotted  as  a 
furtction  of  applied  surface  pressure  in  Figure  19  and  the  same  data  are  plotted  for  both  plastic  pipes  in  Figure  20.  Note 
that  the  effective  lateral  pressure  on  the  pipes  does  not  appear  to  be  a  linear  function  of  the  applied  surface  pressure. 
From  this,  ond  the  fact  thot  the  vertical  soil  pressure  at  the  depths  of  4  ond  16  inches  appeared  to  be  linear  functions  of 
the  applied  surface  pressure,  it  may  be  expected  thot  the  ratio  "Kf"  will  vary  with  the  applied  surface  pressure. 

Variotion  of  Kf  with  Applied  Load  and  Depth  Defining  Kf  to  be  the  ratio  of  the  calculated,  effective  loteral 
pressure  on  the  pipe  to  the  vertical  pressure  in  the  soil  at  the  some  depth  (obtained  by  means  of  the  soil  pressure  gouge) 

It  is  possible  to  obtain  values  for  that  ratio  for  two  gouge  depths;  the  4-Inch  and  16-inch  depths.  The  value  of  Kf 
increases  during  unlooding.  A  similar  increase  in  the  value  of  K  has  been  noted  by  others  including,  most  recently, 
Hendron  (6). 


f^ig.  16  Typical  Complete  Lood-Stroin  Function  for  Pipes  in  Soil, 
16-irKh  Gauge  Depth  -  Static  Tests 
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Average  volues  of  Kf  (for  increasing  pressure)  obtained  from  each  test  series  are  plotted  as  a  function  of  applied 
surface  pressure  in  Figure  21 .  Despite  the  variatbn  in  test  dota  there  is  a  clear  indication  that  the  value  of  Kf  increases 
with  increasing  pressure.  Further,  there  is  some  indication,  though  the  data  is  more  limited,  that  the  value  of  Kf  decreoses 
with  depth.  The  fact  tlot  the  computed  value  of  Kf  must  be  higher  than  0.5  at  a  depth  of  4  inches  may  be  confirmed  by 
analytical  considerations. 

It  is  believed  that  the  lateral  pressures  acting  on  the  pipes  were  proportionately  higher  at  the  4-inch  gauge  line 
than  at  the  16-inch  gauge  line  becouse  the  surface  of  the  soil  sample  was  disploced  vertically  downward  with  respect  to 
the  pipe  during  test.  From  the  dish-shaped  appearance  of  the  surface  of  the  soil  ofter  test.  Figure  22,  it  is  concluded 
that  there  must  have  been  a  laterol  component  of  the  applied  surface  pressure  neor  the  top  of  the  pipe. 

Variotiw  of  f  with  Applied  Lood  and  Depth  As  explained,  the  coefficient  f  is  o  meosure  of  the  magnitude  and 
the  direction  of  the  shear  force  acting  against  the  side  wall  of  the  cylindrical  shell  (pipe)  between  any  twogauge  lines. 
Values  of  f  were  calculated  from  Equation  10  for  each  pressure  level  of  each  test.  A  summary  of  these  calculations  for 
the  plastic  pipes  is  included  in  Table  4. 

Before  discussing  this  test  data,  it  is  appropriate  to  point  out  that  the  relative  stiffnesses  of  the  selected  pipes  to 
the  soil  can  not  be  established  with  accuracy  because  the  modulus  of  the  soil  has  not  been  established  under  these 
particular  conditions  of  confinement.  Bosed  on  data  obtained  by  Hendron  (6)  in  one-dimensional  compression  tests, 
a  modulus  of  50,000  psi  is  not  unreasonable.  Using  this  value  the  relative  stiffness  ratios  were  computed: 


Pipe  No. 

1  76.8 

2  3.5 

3  2.5 


Applied  f¥M«ur«  at  9urfke«  (pel) 


Fig.  16  Verticol  Pressure  in  Soil  os  a  Function  of  Surfoce  Pressure 
for  Two  Depths  -  Static  Tests 
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Fig.  17  Variation  of  Vorticol  Soil  Pressure  with  Depth  in  Fig.  18  Lateral  Pressure  on  Plastic  Pipes  os  a  Function  of  Depth 

Tonk  -  Static  Tests,  Looding  Increasing  for  Various  Applied  Pressures  -  Static  Tests, 

Load  Increasing 


PrvAMrv  at  JurfAc*  (pal) 

fig.  20  Lotarol  Prauura  on  Plotric  Pipat  o»  o  Function  of  Appliad 
Surfoca  Prauura  *  Stotic  Ta>ts,  Load  Incraoting 
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From  fheie  values  if  moy  be  concluded  that  “he  steel  pipe  (Pipe  No.  1)  was  essentiolU  rigid  wir*-  resp<?c'  • ; 
soil,  whereos  pipes  No.  2  and  No.  3  were  only  a  little  sniffer  than  the  soil.  The  specific  voiues  listed  ore  nof  fc  oe 
interpreted  os  known  facts  but  the  relative  values  ore  important  to  on  understanding  of  the  discussion  which  follows. 

The  date  for  Pipe  No.  1  (the  steel  pipe)  indicate  thot  the  shear  force  on  the  pipe  is  o  constont  regardless  of  the 
pressure  level.  There  was  a  slight  difference  in  the  overage  value  of  f  with  depth.  The  average  volue  of  f  between  the 
4-inch  and  10-inch  gauge  lines  was  0.959,  and  that  between  the  10-inch  and  16-inch  gauge  lines  wos  0.905.  This 
difference  is  not  satistically  significant,  but  is  probobly  real  since  the  soil  was  undoubtedly  better  compacted  between  the 
4-  and  10-inch  gauge  lines  than  between  the  10-  and  16-gauge  lines. 

From  the  appearance  of  the  surface  dOhe  soil  sample  ofter  test  it  may  be  concluded  that  during  tests  of  the  steel 
pipe  the  sand  did  not  slip  along  the  pipe  walTand  that  the  transfer  of  load  to  the  pipe  was  limited  by  the  sheor  strength  of 
the  soil.  Assuming  that  for  the  tests  of  the  steel  pipe  f  =  tan  J0  and  using  the  overoge  of  all  data; 


or 


tan  0  =  0.934 


< 


Table  4 


Summary  of  Shear  Calculations  (f)  -  Static  Tests 


Test 

Applied  Pressure 

No. 

50 

1(X( 

150  185 

150 

100 

50 

Pipe  No.  2;  4  Inches  to  10  Inches 


1 

0.629 

0.426 

0.336 

... 

0.557 

0 ..  468 

2 

0.656 

0.245 

0.204 

— 

— 

C.55I 

0.711 

3 

0.380 

0.280 

0.297 

0.325 

0.418 

0.594 

0.494 

4 

0.428 

0.254 

0.155 

0.167 

0.252 

0.422 

0.580 

5 

0.546 

0.248 

0.158 

0.158 

0.187 

0.571 

0.680 

Avg. 

0.528 

0.287 

0.226 

0.210 

0.279 

0.455 

0  587 

1 

0.517 

Pipe  No. 

0.149 

2;  10 

0.275 

inches  to 

16  inches 

0 . 488 

1.110 

2 

0.480 

0.088 

0.239 

... 

— 

0.418 

0.804 

3 

0.095 

0.055 

0.232 

0.275 

0.594 

0.404 

0.447 

U 

0.278 

0.045 

-0.015 

0.075 

0.104 

0.227 

0  541 

5 

0.250 

-0.088 

-0.051 

-0.050 

0.009 

0.112 

0 , 750 

Avg. 

0.520 

0.045 

0.156 

0-107 

O.lfQ 

0.330 

0.750 

40 

70 

100 

150 

100 

70 

to 

Pipe  No. 

5;  4  inches  to  10 

inches 

1 

0.824 

0.513 

0.541 

0.539 

0 .  J^65 

0  505 

0.400 

2 

0.799 

0.255 

0.198 

0.210 

0.286 

0.450 

0.496 

0.989 

G.285 

0.228 

0.238 

0.5?* 

1.024 

0.915 

4 

0.704 

0.507 

0.181 

0.154 

0  2V0 

0  402 

0. 741 

5 

0.766 

0.539 

0.209 

0.152 

0  .-39 

0.592 

0.747 

Avg. 

0.816 

0.295 

0.251 

0.259 

0.551 

0.555 

0.660 

Pipe  No. 

5:  10 

inches  to  16 

inches 

1 

0.065 

-0.085 

0.086 

0  266 

0.442 

0.574 

0.366 

■3 

0.898 

-0.055 

-0.060 

0  050 

0.178 

0.245 

0,  416 

3 

-0.062 

-0.051 

0.125 

0.185 

0.185 

0.517 

0  956 

4 

0.309 

-0.051 

-0.072 

-0.016 

0.075 

0.172 

0.581 

5 

0.224 

-0.009 

-0.065 

-0.042 

0.022 

0.113 

0,462 

Avg. 

0.287 

-0.042 

0.005 

0.089 

0.180 

0.244 

0.552 
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on  angle  of  internal  friction  of  43*^  is  targe,  it  ij  not  onreosonobie  for  tSe  sand  en<ploye<j,  ot  a  cJensity 
of  c:  o*jt  no  lbs  per  cubic  foot  (6), 

Becouse  the  plastic  pipes  were  more  flexible,  the  calculated  values  of  f  were  less  thori  those  colculoted  for  the 
steep  pipe.  In  fact,  the  values  of  f  varied  not  only  with  depth  os  expected  but  also  v  ith  pressure,  os  is  reodily  apparent 
in  Table  4, 

Note  that  as  the  load  wos  increased  the  calculated  values  of  f  between  the  10-inch  and  16-inch  gauge  lines 
approached  zero  for  both  plastic  pipes  indicating  that  there  was  little  relative  displacement  between  the  pipes  and  the 
soil  between  these  gauge  lines  during  loading.  Then,  as  the  load  on  the  surface  of  the  sample  wos  decreased  the  values 
of  f  increased  indicating  that  the  pipe  was  moving  upward  with  respect  to  the  soil  during  unloading.  This  behovior  is 
consistent  with  the  anticipated  response  of  bcth  the  structure  and  the  soil.  That  is,  strains  in  the  structure  (pipe)  were 
kept  within  the  elastic  range  whereas  the  soil  suffered  some  permanent  plastic  displacement.  Thus,  as  the  load  was 
reduced  it  is  reasonable  to  expect  that  the  pipe  would  tend  to  move  upward  with  respect  to  the  soil  producing  a  shaaring 
force  acting  downward  on  the  pipe. 

Dynomic  Tests  of  Pipes  in  Soil 


Performance  of  Soil  Pressure  Gauges  The  performance  of  the  two  gauges  under  dynamic  loading  conditions  was 
especially  gratifying.  Gauge  No .  3  was  used  primarily  to  determine  whether  this  type  of  gauge  placed  just  below  the 
surface  (1.5  inches  below)  would  record  accurately  the  pressure  at  the  surface.  If  so,  some  faith  could  be  placed  in 
data  obtained  at  other  depths. 

Comparing  the  records  obtained  by  means  of  the  Kistler  gauge  with  those  obtained  with  soil  pressure  gauge  No.  3 
in  Figure  23,  it  is  clear  that  the  soil  pressure  gauge  recorded  essentially  the  some  pressure  as  a  function  time  as  did  the 
Kistler  gouge.  The  fact  that  the  corresponding  records  for  each  test  are  not  exoctly  the  same  is  not  disturbing  because 
the  two  gauges  were  not  at  the  same  point  and  it  is  highly  unlikely  that  the  variation  in  pressure  with  time  was  identical 
at  oil  points  on  the  surface  of  the  soil  sample. 

The  ten  curves  in  Figure  23  were  obtained  from  records  of  the  four  dynamic  tests  of  the  thin  plostic  pipe  (Pipe 
No,  3)  and  are  typical ,  Note  that  the  Kistler  gauge  records  are  plotted  as  pressure,  in  pounds  per  square  inch,  as  a 
function  of  time,  whereas  the  records  from  the  soil  pressure  gauges  ore  plotted  as  vertical  strain  (in  the  gauge)  as  a 
function  of  time  so  that  the  differences  in  amplitude  ore  not  important.  The  important  factors  are:  (o)  the  shapes  of  the 
curves  obtained  with  soil  pressure  gauge  No.  3  and  the  Kistler  gauge  are  essentially  the  same,  and  (b)  the  scatter  in  the 
data  obtained  with  the  soil  pressure  gauges  is  small. 


Tlnte  (sef'onds) 


Fig.  23  Kistler  Gouge  and  Soil  Pressure  Gauge  Records  From  Four  Dynamic  Tests,  Pipe  No.  3 
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Soii  pr«Mij«»  3<^J9«  -'‘-V  .  -*  >■  J'  ■;  .:  •  ••’.■«  i^,r*cx;e  afi  ^cKi»  *e$H  of  pip«  .  j, 

■t  rjpp«an  Hiot  (He  Hig^  (re<»(je!x  <  got  *: v-cfv<r(*o<-«  -ove  a-^^f  sxit  at  (Hn  iepff'.  (No  records  »ere 

obtoined  witH  soil  pressure  goo^  *■  fot  dy»'a«it  (esH  '-o.  J  arid  H*o.  4  of  Pipe  No.  J.) 

This  c^spoient  damping  of  (He  HjgH  fregoeocx  90s  pressure  **uc(i,>afion5  was  confirmed  by  (he  fest  series  with  Pipe 
No.  2.  figuftt  24  shows  the  four  records  obtoirsed  with  the  Kisffc?  gouge  and  soil  pressure  gouge  No.  4  (ot  (he  )6-inch 
depth)  during  dynamic  tests  No.  1  ond  No.  2.  LInfortunotely,  no  reodoble  record  wos  obtained  wiih  soil  pressure  gouge 
No.  3  during  these  two  tests.  The  corresponding  records  obtained  during  dynomic  tests  No.  3  and  No.  4  of  Pipe  No.  2 
ore  shown  in  Figure  25.  The  top  two  records  ore  gas  pressure  measurements  at  the  surface  obtained  by  means  of  the  Kistler 
gouge,  ond  the  two  lower  records  ore  soil  pressure  meosurements  obtained  with  soil  pressure  gouge  No.  4  at  4  inches  below 
the  surface. 

Comparing  these  lost  two  figures  it  rrwy  be  seen  that  the  gas  pressure  fluctuotions  at  the  surface  were  transmitted 
with  relatively  little  diminution  to  a  depth  of  4  inches  but  that  ot  a  depth  of  16  inches  the  pressure  fluctuations  ore  barely 
discernible.  Another  point  of  interest,  which  will  be  discussed  later  in  connection  with  the  transfer  of  load  to  the  pipes, 
is  that  the  strain  in  the  soil  pressure  gouge  at  the  4~irich  and  16-inch  depths  increased  with  time  os  indicated  by  the 
record  trace  at  0.5  seconds. 

Strain  Data  from  Pipes  The  vertical  and  circumferential  strains  recorded  os  o  function  of  time  at  the  three 
gouge  lines  for  three  tests  ore  shown  in  Figures  26  through  28.  Here,  again,  compressive  stroins  ore  plotted  os  positive 
and  tensile  strains,  negative.  These  records  were  traced  from  the  original  test  records  using  o  A^oseley  Autogrof  Model 
No.  3,  and  plotted  to  the  more  convenient  scales  shown. 

Preliminary  study  of  these  figures  reveals  that  in  some  respects  the  interaction  between  the  soil  and  the  pipes  was 
similar  to  that  observed  in  the  static  tests.  The  circumferential  strains  were  compressive  at  the  four-inch  gouge  depth, 
nearly  zero  at  the  10-inch  gouge  depth  and  tensile  at  the  16-inch  gouge  depth.  Further,  the  vertical  strains  at  the 
10-inch  depth  were  greater  than  those  at  the  4-inch  depth,  and,  for  the  steel  pipe,  the  vertical  strains  at  the  16-inch 
gouge  depth  were  greater  than  those  at  the  10-inch  depth,  except  at  very  early  times.  However,  for  the  plastic  pipes 
the  strains  recorded  for  the  16-inch  depth  were  s  than  these  recorded  for  the  10-inch  depth  for  tests  2  and  4  of  Pipe 
No.  2  and  for  tests  2  and  4  of  Pipe  No.  3,  Foi  tests  1  and  3  of  Pipe  No.  3  the  vertical  strain  ot  the  16-Inch  gouge 
depth  was  less  than  that  at  the  10-inch  gouge  dopth  up  to  the  peak  (at  about  12  milliseconds). 

As  noted  previously,  the  sreel  pipe  was  essentially  rigid  with  respect  to  the  soil  whereas  the  plastic  pipes  were 
not.  Thus  except  at  very  early  times  the  vertical  displacement  of  the  steel  pipe  at  any  given  depth  should  not  be  os 
large  as  the  displacement  in  the  soil  at  the  some  depth  once  the  stress  wove  has  passed  that  depth  in  the  soil.  However, 
the  plastic  pipes  were  much  more  flexible  in  vertical  compression  os  demonstrated  by  the  static  tests.  The  observed 
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Fig.  24  Kistler  Gouge  and  Soli  Pressure  Gouge  Records  From  Dynomic 
Tests  No.  1  and  No.  2,  Pipe  No,  2 
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dift^rence  in  b«^Krvior  i»  cleorly  r«iot«cl  to  differe«t<.e  tn  jf!<fne«.  T>'ij  n^ottef  r,iil  b€  diw.u««d  nwe  in  th^ 

lection  d«oling  ffi«  resuth  of  tK«  caiculotioni. 

During  tht  pr^liminory  plonning  of  rni»  test  progrom  if  wo$  realized  tfxjf  ov»ir*g  fo  »he  dejgn  **■<»  dynomte  looding 
device  and  the  method  of  connecting  it  to  the  tank,  or  »oil  co'^tainer,  a  itrciJ  »vove  »vouid  be  tronimifted  through  the  woilt 
of  the  tank  prior  to  the  arrivoi  of  the  gas  preuure  pulje  ot  the  surface  of  the  soil  sonple.  Further,  there  was  some  conesm 
os  to  the  magnitude  of  the  stress  wove  which  would  be  tronsmitted  to  the  soil  or  the  structure  in  the  tonh,  either  through 
shear  of  the  tank  walls,  or,  os  o  consequence  of  motion  of  the  plotform  on  which  the  equipment  wos  mounted  Referring 
to  Figures  26  through  28,  it  may  be  seen  that  a  smoll  signol  wos  received  just  prior  to  the  onivol  of  th«  gas  pressure  pulse 
(t  =  0  sec.).  This  small  disturbance  is  most  noticeable  in  the  vertical  strain  records  for  the  (0-  ond  16-inch  gauge  lines. 

If  this  disturbance  were  due  to  noise  in  the  recording  circuits  it  would  be  apparent,  and  of  approximately  the  some 
magnitude,  in  oil  circuits,  including  the  circuits  used  for  the  Kistler  gouge  and  the  two  soil  pressure  gauges.  Since  it 
was  not,  it  is  assumed  that  signal  Is,  in  fact,  the  anticipated  disturbonce.  In  any  event,  it  is  small  and  did  not  marenolly 
affect  the  records  obtained.  One  further  point  should  be  mentioned.  Just  after  the  peak,  a  very  high  frequency  oscillation 
appears  in  all  of  the  vertical  and  some  of  the  circumferential  stroin  measurements  on  the  pipes.  This  oscillation  also 
appeors  in  some  of  the  records  obtained  with  the  soil  piessure  gauges.  The  computed  natural  frequencies  of  the  pipes  and 
pipe  caps  are  much  higher  than  the  observed  frequency.  Further,  the  rote  of  lood  application  is  such  Ihot  the  natural 
frequencies  of  the  pipes  should  not  be  excited.  Therefore  it  is  not  logical  to  assume  that  it  is  a  transient  natural  vibration 
excited  by  dynamic  loading. 

Although  the  source  of  this  apparent  vibration  can  not  be  established  with  certainty,  it  is  possible  that  it  is  due  to 
the  oscillation  of  gas  between  the  baffle  plate  and  the  surfoce  of  the  soil  sample  immediately  over  the  pipe  cap.  This 
explanation  would  account  for  the  fact  that  the  frequency  of  the  oscillation  is  constant  for  all  tests  ond  for  the  fact  that 
the  oscillation  is  boreSy  discernoble  in  most  of  the  Kistler  gouge  records.  That  gouge  wos  located  in  the  side  wall  of  the 
expansion  chamber  about  one  inch  above  the  surface  of  the  soil  sample,  and  at  a  considerable  distance  from  the  edge  of 
the  baffle  plote. 

Variotion  of  Vertical  Soil  Pressure  with  Time  ond  Depth  The  time  of  a.'r'vol  of  the  stress  wove  in  the  soil  at  the 
various  gauge  depths  can  isot  be  established  with  great  occurocy  from  the  records  obtoined.  However,  measurements 
indicate  that  the  pressure  pulse  traveled  frum  from  tne  surfoce  to  a  depth  of  16  inches  in  about  2  miilisecc-nds  which 
corresponds  to  a  stress  propogation  velocity  of  obou'  670  feet  per  second  in  the  send.  Thus,  assuming  the  soil  to  be 
elastic,  the  pressure  at  any  time  at  a  depth  of  16  inches  would  correspond  to  the  pressure  at  the  surfoce  two  milliseconds 
earlier. 

The  rotio  Py/p^  Is  the  rotio  of  the  vertical  pressure  in  the  soil  obtained  by  means  of  the  soil  pressure  gauge  to  the 
pressure  at  the  surface  (wo  millituconds  earlier  obtoined  from  the  Kistler  gouge  records.  No  data  wee  obtained  for  Tests 
No.  3  and  No.  4  of  Pipe  No.  3  because  soil  pressure  gauge  No.  4  has  become  defective  and  no  valid  soil  pressure  doto 
was  obtained.  Initially  this  ratio  is  lorger  than  thot  obtained  from  the  stotic  tests  at  the  16-inch  depth.  However,  it 
decreases  with  time  approaching  the  value  of  opproximotely  0.3  obtained  from  the  stotic  tests  ot  the  same  depth.  The 
overage  of  oil  doto  is  plotted  os  o  furKtion  of  time  in  Figure  29, 
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bOIL-STRUCTURE  INTERACTION 


Using  fhe  approach  on  data  obtained  at  the  4-inch  depth,  that  is,  dividing  the  vertical  pressute  in  the  scU  at  4 
inches  by  the  pressure  existing  at  the  surface  0.5  milliseconds  earlier,  a  different  picture  is  obtained.  For  this  depth,  the 
ratio  is  initially  lower  than  obtained  in  the  static  tests  and  increases  with  time  to  the  value  of  about  0.8  obtained  frem  ihe 
static  tests. 

This  behavior  was  not  anticipated  and  an  obvious  explanation  of  it  cannot  be  offered.  The  fact  that  the  initial 
value  of  Py/Po  of  fbe  16-inch  depth  is  greater  under  dynamic  load  than  under  static  load  cannot  be  explained  by  a 
reflection  of  the  stress  wave  from  the  bottom  of  the  tank.  If  the  soil  were  elastic,  the  stress  wave  (at  a  velocity  of  670  fps) 
would  have  returned  to  the  gauge  depth  at  4  milliseconds.  It  is  possible  that  the  reflected  stress  wove  would  travel  faster 
than  the  incident  because  it  is  traveling  in  a  compressed  medium  which  exhibits  a  locking  stress-strain  relationship  when 
confined.  However,  this  would  not  explain  the  initially  low  value  of  the  ratio  Py/Pg  o  depth  of  4  inches. 

It  is  also  possible  that  the  initially  ,  -  ^ 

high  value  of  Py/pg  at  the  16-inch  depth  ***  eesure  {pe  ) 

and  the  initially  low  value  at  the  4-inch 
depth  are  related  to  the  soil-structure 
interaction. 

Variation  of  Lateral  Pressure  on 
Pipes  with  Time  and  Depth  The  results  of 
dynamic  lateral  pressure  calculations  are 
shown  in  Table  5.  Only  the  tests  which 
were  conducted  at  the  same  nominal  peak 
pressure  are  included  for  purposes  of 
comparison,  /i^ain,  the  fact  that  there 
appears  to  be  less  scatter  in  the  dynamic 
test  data  than  in  the  static  test  data,  is 
noted.  The  lateral  pressure  was  calculated 
every  two  ml  1 1  iseconds  for  t  =  0  sec .  to 
the  time  at  which  the  peak  pressure  was 
reached  (11  or  12  milliseconds)  and  at 
t  =  0. 1  sec .  and  at  t  =  0,5  sec . 

In  Figure  30,  the  average  lateral 
pressures  calculated  at  2,  4,  6,  8  and  10 
milliseconds  for  the  four  tests  in  Pipe  No. 

3  are  plotted  as  a  function  of  depth.  The 
propagation  of  the  stress  wave  in  the  soil 
is  evident.  For  example,  at  2  milli¬ 
seconds,  the  approximate  time  of  arrival 
of  the  stress  wave  at  a  depth  of  16  inches, 
the  average  lateral  pressure  at  that  depth 
wos  about  0,6  psi.  However,  there  is  no 
evidence  of  a  significant  reflection  at  the 
stress  wove  from  the  bottom  of  the  soi  I 
container,  here. 

Variation  of  Kf  v^ith  Time  and 
Depth  A  summary  of  the  calculations  of 
the  value  of  the  ratio  of  the  effective 
Icteral  pressure  to  the  vertical  pressure 
in  the  soil  at  the  same  time  and  depth  are 
included  in  Figure  31 .  Of  particular 
importance  is  the  fact  thot  the  average 
value  of  Kf  at  the  4-Inch  depth  was 
approximately  1  at  t  =  0.004  sec.  and 
that,  initially  at  least,  the  soil  appeared 
to  behave  os  a  viscous  fluid.  Note  that 
the  value  of  Kf  at  this  depth  decreased 
with  time. 

At  the  16->nch  depth  the  value  of 
Kf  appeored  to  increase  slightly  vith  time. 


Fig.  30  Lateral  Pressure  as  a  Function  of  Depth  at  Various 
Times,  From  Dynamic  Tests  of  Pipe  No.  3 
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fhe  overage  value  for  all  times  being  about  0.45  which  is  about  10  to  15  percent  higher  than  the  value  obtained  from  the 
static  tests. 


Variotion  of  f  with  Time  ond  Depth  A  complete  summary  of  the  sheer  calculations  for  the  dynamic  test  series  is 
contained  in  Table  6.  Although  there  is  considerable  scatter  in  the  computed  value  of  f  ot  2  milliseconds,  the  resuits  are 
notably  consistent  after  that  time,  ^oin  it  is  noted  that  the  value  of  f  is  obvicjsly  dependent  upon  the  stote  of  compaction 
of  the  soil  sanr^ie;  the  first  and  third  and  the  second  ond  fourth  tests  of  Pipe  No.  3  produced  very  similar  results.  The  same 
pattern  is  evident  in  the  tests  of  Pipe  No.  2  even  though  the  peak  pressure  was  different  for  the  two  sequences.  In  each 
case  the  soil  was  better  compacted  for  the  second  ^est  of  the  sequence  than  for  the  first  os  explained  previously. 

The  average  values  were  computed  to  show  the  trend  of  the  data  and  to  assist  in  the  interpretation  of  the  test 
results.  Because  of  the  change  in  density  from  one  test  to  another  these  dota  are  obviously  not  from  the  some  population. 

Referring  first  to  the  tests  of  Pipe  No.  1;  between  the  4-inch  and  10-inch  gauge  lines  the  computed  values  of  f  are 
initially  very  nearly  the  same  as  those  obtained  from  the  static  tests.  After  that,  the  value  of  f  decreased  with  time  until 
the  time  at  which  the  peak  pressure  was  reached.  After  the  peak,  the  computed  values  ot  f  increased  os  anticipated. 


Table  6 


Summary  of  Shear  Calculations  (f)  -  Dynamic  Tests 


Test 

lo. 

Tiae  (■lUieecouds) 

Surf.  Free,  (psi) 

2 

4 

6 

8 

10 

Peek 

100 

500 

200 

100 

Pipe  lo. 

1:  4- Inch  to  10- 

Inch  Ciauge  line 

1 

0.95 

1.00 

0.8x 

0.79 

0.76 

0.76 

o.ao 

0,80 

0.84 

0,62 

2 

0.85 

1,11 

0.85 

'•  '0 

0.77 

0.79 

0.8u 

0.80 

0.99 

0.73 

) 

0.95 

0.73 

0.68 

c.  > 

0.66 

0.64 

0.62 

.. 

0.69 

0,74 

k 

0,92 

1.53 

■’98 

0.82 

0.75 

0,70 

0.75 

0.84 

0  88 

Avg. 

0.92 

1  09 

0.83 

0.76 

0.74 

0-72 

0.79 

0.80 

0.84 

0.74 

Pipe  lo. 

1:  10 -Inch  t?  l6-1.nch  (Xau^  Line 

1 

-1.10 

0.52 

0.69 

0.76 

0.74 

0,78 

0.78 

0.81 

1.01 

1.34 

2 

-0.58 

0.22 

1.48 

0.77 

0.85 

0.88 

0.83 

0.91 

1.08 

1.40 

3 

0.14 

0.41 

0.37 

C-39 

0.43 

0.39 

0.46 

-- 

0.57 

0.77 

4 

-0  25 

-0.07 

0.39 

0.36 

0.53 

0.53 

0.51 

.. 

0.69 

0.^ 

Avg. 

-0  45 

0  22 

0.74 

0.57 

0.64 

0.65 

0.65 

0.86 

0.84 

l.Ofl 

Pipe  lo. 

2j  4-liich  tc  in- 

Inch  Gauge  line 

100 

-22- 

1 

-0.52 

0.7? 

0.13 

0.08 

0.10 

0.10 

0.15 

0.16 

0.26 

0.41 

2 

0.40 

0.25 

0.08 

0.02 

0.03 

0.05 

0.08 

0.07 

0.20 

0.95 

3 

0.55 

0.20 

0.14 

0.08 

0.08 

0,09 

0.12 

0.12 

0.25 

0.36 

4 

c  15 

0.27 

0.12 

0.04 

0.04 

0.04 

0.07 

0.06 

0.20 

0.41 

Avg. 

0.14 

0.54. 

0.12 

0.06 

0.06 

0.07 

0.11 

0.10 

0.23 

0.53 

Pipe  lo. 

2:  10»lnct  to  l6-lnch  GAUffi  Line 

1 

0.96 

0.42 

-0.17 

-0.10 

0.01 

0.12 

0.16 

0.16 

0.24 

0.34 

2 

-1.50 

-1.25 

-0.42 

-0.31 

-0.20 

-0.10 

-0.07 

-0.06 

0.06 

0.25 

3 

0.30 

0.03 

-0.12 

-0.08 

-0.06 

-0,04 

0.01 

0.00 

0.07 

0.36 

4 

•0.94 

-0.48 

-0.35 

-0.34 

-0.26 

-0.22 

-0.19 

-0.21 

-0.12 

0.12 

Avg. 

-0.39 

-0.32 

-0.25 

-0.21 

-0.13 

-0.06 

-0.02 

-0.03 

0.07 

0.27 

Pipe  lo. 

3;  k-lnch  to  10- 

Inch  Gauge  line 

1 

0.23 

0.24 

0.12 

0.09 

0.09 

0.11 

0.14 

0.14 

0.3i 

0.45 

2 

0.34 

0.27 

0.12 

0.07 

0.05 

0.08 

0.09 

0.09 

0.24 

0.39 

3 

0.43 

0.22 

0.09 

0.05 

0.05 

0.07 

0.10 

0.10 

0.25 

0.50 

4 

0.59 

0.20 

-0.01 

0.01 

0.01 

0.02 

0.04 

0.04 

0.18 

0.38 

Avg 

0.55 

0.23 

0.08 

0.06 

0.05 

0.07 

0.09 

0.09 

0.25 

0.43 

Pl;'e  Ho. 

3:  X>-lnch  to  l6-lnch  Seuge  line 

X 

-0.01 

-0.08 

-0.28 

-0.26 

-0.13 

-0.06 

-0.03 

-0.03 

O.IC 

0.52 

2 

-0.98 

-0.61 

-0.65 

-0.44 

-0.37 

-0.23 

-0.21 

-0.22 

0.10 

0.53 

5 

-1.15 

-0.29 

-0.38 

-0.27 

-0.19 

-0.09 

-0.09 

-0.09 

0.10 

0.22 

4 

-1.04 

-0.70 

-0.43 

-0.46 

-0.34 

-0  29 

-0.27 

-0.25 

-- 

-- 

Avg. 

-0.79 

-0.42 

-0.43 

-0.56 

-0.26 

-0.17 

-0.15 

-0.15 

0.10 

0.51 
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Between  the  10-  and  16-inch  gauge  lines,  the  computed  value  of  f  was  negative  at  t  =  0.002  indicating  that  at  this  time 
the  pipe  was  moving  downward  relative  to  the  soil.  This  behavior  is  not  unreasonable  since  the  time  of  orri/al  of  the 
pressure  pulse  in  the  soil  at  a  depth  of  16  inches  was  2  milliseccnds.  Subsequently  the  value  of  f  increased  and  at  4  milli¬ 
seconds  was  positive  indicating  a  reversal  of  relative  motion  between  the  soil  and  the  pipe. 

Turning  to  the  results  obtoined  from  tests  of  Pipe  No.  2,  between  the  4-  and  10-inch  gouge  lines  the  soil  was 
apparently  moving  down  relative  to  the  pipe  initially.  With  increasing  time  the  computed  values  of  f  decreased  approaching 
zero  for  the  period  between  6  milliseconds  and  12  milliseconds,  indicating  that  the  soil  and  the  pipe  were  moving  together 
for  oil  practical  purposes.  Between  the  10-  and  16-inch  gouge  lines,  the  pipe  wos  moving  down  relative  to  the  soil  during 
the  entire  period  of  loading.  The  fact  that  the  computed  values  of  f  incre<»ed  to  about  zero  by  the  time  the  peak  was 
reached  indicates  that  the  pipe  ond  soil  were  movir^  together  by  that  time. 

The  results  of  the  tests  of  Pipe  No.  3  were  essentially  the  same  os  those  obtained  from  the  tests  of  Pipe  No.  2.  The 
differences  noted  can  all  be  explained  by  the  fact  that  Pipe  No.  2  wos  stiffer.  In  fact,  the  relative  behavior  of  all  of  the 
pipes  was  the  same  under  dynamic  looding  os  under  static  loading  when  due  consideration  is  given  to  the  differences  in  the 
velocities  of  stress  propagation  in  the  soil  and  the  pipes. 

Values  of  f  computed  for  the  period  of  unloading  after  the  dynamic  tests  were  somewhat  less  than  those  obtained 
from  the  stotic  tests  but,  in  general,  followed  the  same  trend;  that  is,  the  computed  values  increased  during  unloading. 

SUMMARY  AND  CONCLUSIONS 


Summary 

though  there  was  some  scotter  in  iI.o  data  obtained  {see  Figure  13),  it  is  considered  that  the  soil  pressure  gauges 
performed  satisfactorily  under  static  load  and  their  performance  under  dynamic  load  was  even  more  consistent  (see  Figures 
23  through  25).  Gauge  No.  3,  placed  1.5  inches  below  the  surface  for  all  tests,  recorded  essentially  the  same  pressure¬ 
time  function  as  the  Kistler  gauge  which  was  placed  1  inch  above  the  surface  of  the  soil  in  the  side  wall  of  the  transition 
ring.  Gauge  No.  4,  which  was  variously  located  at  depths  of  4  inches,  16  Inches  and  24  inches  below  the  surface  gave 
markedly  consistent  results. 

The  vertical  load  transfer  at  the  soil-structure  interface  was  strongly  affected  by  the  compaction  of  the  soil  for  the 
tests  of  the  plastic  pipes.  Although  the  soil  was  compacted  by  vibration  during  placement  and  by  static  application  of  a 
gas  pressure  equal  to  about  100  psi  prior  to  test,  the  vertical  strain  in  both  olostic  pipes  was  much  less  in  the  second  of  the 
two  tests  cor>ducted  in  each  sequence.  This  behavior  wos  not  marked  in  the  tests  ot  the  steel  pipe,  primarily  because  the 
steel  pipe  was  essentially  rigid  compared  to  the  soil. 

The  fact  that  the  circum^erenticl  strains  were  tensile  rather  than  compressive  at  o  depth  of  16  inches  below  the 
surface  is  considered  important.  This  behavior  was  observed  in  both  static  and  dynamic  tests  of  all  pipes,  and,  it  can  be 
predicted  for  full  scole  structures  so  long  as  the  structural  response  is  within  the  eiastic  range. 

To  extrapolate  the  results  of  these  tests  into  the  range  of  plastic  behavior  of  full  scale  structures  could  lead  to 
erroneous  conclusions.  However,  it  does  appear  thot  ut  depths  ociow  one  diameter,  for  cylindrical  shells  surrounded  by 
soil  and  resting  on  a  "rigid"  foundation  (such  os  bedmck)  thn  longitudinal  srrain  in  the  shell  must  reach  the  proportional 
limit  before  compressive  circumferential  strains  can  be  developed.  Whether  the  development  of  plastic  response  in 
longitudinal  strain  would  constitute  failure  of  the  structure  would  depend  on  its  function  and  the  material  of  which  it  is 
made,  among  other  factors. 


Tlae  (elllleeconds) 


Fig.  31  Vorlatlon  of  with  Time  for  Two  Depths,  Dynamic  Tests 
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The  variation  of  vertical  pressure  in  the  soil  in  the  container  con  be  predicted  with  reasonable  accuracy,  under 
static  load,  using  a  simple  exponentiol  expression  (Figure  17).  However,  under  dynamic  load  the  normalized  vertical 
stress  In  the  soil  was  initially  higher  at  a  depth  of  16  inches  than  at  o  depth  of  4  inches  (see  Figure  29).  With  time,  both 
opprooched  the  values  obtained  during  static  load.  This  peculiar  behavior  moy  be  related  to  the  soil  “structure  interaction 
under  dynamic  load  and  it  affected  significantly  the  values  of  Kf  at  a  depth  of  4  inches. 

Lateral  pressure  calculations  for  the  static  tests  are  summarized  in  Figures  18  through  20,  and  those  for  the  dynomic 
tests  in  Table  5,  Figure  30  shows  the  variation  of  the  average  loteral  pressure  with  depth  for  various  times  during  the  four 
dynomic  tests  of  Pipe  Nc.  3.  The  propagation  of  the  stress  wove  in  the  soil  is  clearly  reflected  in  those  curves  but  there 
is  no  indication  of  a  significant  increase  in  lateral  pressure  which  would  result  from  the  reflection  of  the  stress  wave  from 
the  bottom  of  the  tank . 

As  explained  under  Analytical  Considerations,  the  ratio  designated  Kj  herein  is  not  the  some  os  K  as  defined  in 
theoretical  soil  mechanics  because  of  the  anticipated  shear  at  the  soil-structure  interface.  Calculated  values  of  Kf 
obtained  from  the  static  tests  are  summarized  in  Figure  21 .  Those  obtained  from  the  dynamic  tests  are  summarized  in 
Figure  31 .  The  values  of  Kf  obtained  from  the  static  tests  appear  to  vary  with  pressure  and  depth.  It  is  interesting  that 
when  the  shear  calculations  indicate  that  the  value  of  the  shear  ot  the  interface  is  very  small,  the  overoge  value  obtained 
from  the  five  tests  of  Pipe  No.  3  at  a  depth  of  16  inches  approach  the  value  (K  =  0.41)  obtained  by  Hendron  (6)  in  one¬ 
dimensional  compression  tests  of  the  same  sand. 

Under  dynamic  loading,  the  overage  vc.  ue  of  Kf  at  the  4’-inch  depth  was  about  1  at  t  =  0.004  sec.  then  decreased 
to  a  value  of  approximately  0.7  at  t  =  0.5  sec.  At  the  16-Inch  gouge  line,  the  average  value  of  K  f  increased  from  about 
0.35  at  t  =  0.004  sec.  to  a  volue  of  about  0.5  at  t  =  0.5  sec.  (see  Figure  30).  These  data  are  perplexing.  If  the 
initially  high  value  of  Kf  at  the  4-inch  depth  were  the  result  of  a  difference  i  the  interaction  between  the  soil  pressure 
gouge  and  the  soil  under  dynamic  os  compared  to  static  loading,  the  same  trend  should  be  apparent  in  the  results  obtained 
with  the  same  gauge  at  a  depth  of  16  inches.  However,  exactly  the  opposite  behavior  is  indicated  at  the  latter  depth. 
Comparing  the  lateral  pressures  calculated  at  the  four-inch  depth  under  static  and  dynamic  load  for  the  same  applied 
surface  pressure,  it  may  be  seen  that  the  lateral  pressures  are  approximotely  equal.  This  is  confirmed  by  the  circumferential 
strain  data.  Therefore  it  is  tentatively  concluded  that,  at  the  4-inch  depth,  the  vertical  pressure  in  the  soil  is  lower 
initially  under  dynamic  load  than  under  static  load;  then  approaches  the  static  value  with  time  os  indicated  in  Figure  29. 
This  behavior  may  or  may  not  be  important,  depending  on  whether  it  is  a  function  of  the  dimensions  of  the  structure  or 
confined  to  a  shallow  layer  of  soil  near  the  surface.  However,  It  is  believed  to  be  worth  further  investigation. 

As  used  In  this  document,  f  Is  a  measure  of  the  magnitude  and  direction  of  the  shear  ot  the  soil -structure  interface. 
Its  absolute  value  should  be  limited  by  the  coefficient  of  friction  between  the  soil  id  the  structure  or  the  tongent  of  the 
angle  of  internal  friction  in  the  soil,  which  is  smaller.  For  the  static  tests  the  shear  calculations  are  summarized  in 
Table  4  and  for  the  dynamic  tests  in  Table  6. 

From  the  static  tests  of  the  steel  pipe  it  may  be  concluded  that  the  ongle  of  intemoi  friction  of  the  sol'  wos  about 
43°  which  is  high  but  not  unreasonable  for  the  sand  employed  in  its  highly  compacted  state.  The  overage  value  of  f  obtained 
from  these  tests  was  0.934.  During  the  dynamic  tests  of  the  steel  pipe,  the  values  of  f  computed  at  2  milliseconds  between 
the  4-  and  10-inch  gauge  lines  were  approximately  equal  to  the  values  obtained  from  the  static  tests.  However,  after 
4  milliseconds  the  computed  values  of  f  at  the  same  depth  decreased  to  about  0.75.  This  difference  may  be  due  to  the 
fact  that  the  soil  is  in  motion. 

Between  the  10-  and  16-inch  gauge  lines  on  the  steel  pipe  the  initial  value  of  f  was  negative  indicating  that 
between  these  gauge  lines  the  pipe  was  moving  down  relative  to  the  soil  ot  two  milliseconds.  This  behavior  is  different 
from  that  observed  during  the  static  tests  but  is  consistent  with  the  fact  that  the  pressure  pulse  took  approximately 
2  milliseconds  to  reach  a  depth  of  16  inches  in  the  soil, whereas  the  time  required  for  the  stress  wave  to  reoch  the  bottom 
of  the  pipe  was  on  the  order  of  0. 1  milliseconds.  At  4  milliseconds  the  computed  values  of  f  were  positive  and  then 
continued  to  rise  to  a  value  of  about  0.65  by  12  milliseconds,  and,  subsequently  to  a  value  of  about  0.86  by  0.5  sec. 

In  a  similar  fashion,  values  of  f  obtained  from  both  static  and  dynamic  tests  of  the  plastic  pipes  may  be  used  to 
explain,  and  can  be  explained  by,  the  interaction  between  the  soil  and  those  structures.  However,  the  specific  values 
obtained  have  no  general  application  and  will  not  be  repeated  here. 

A  significant  difference  in  behavior  was  observed  between  the  static  and  dynamic  tests  of  the  plastic  pipes  in  the 
soil.  Under  static  test  load  the  pipes  tended  to  move  with  the  soil  between  the  10-  and  16-inch  gauge  lines.  Further, 
the  vertical  strain  at  the  16-inch  gauge  line  was  greater  than  that  at  the  10-inch  gauge  line  for  all  tests  indicating  that 
load  was  being  transferred  from  the  soil  to  the  pipe  as  the  soil-structure  system  sought  equilibrium  at  each  preuure  level. 

Under  dynamic  loading,  however,  the  vertical  strain  at  the  16-inch  gauge  line  was  initially  leu  than  that  at  the 
10-inch  gauge  line  and  the  shear  calculations  confirmed  that  the  pipes  moved  down  with  respect  to  the  soil  between  these 
gauge  lines.  This  behavior  was  anticipated  and  can  be  explained  Sy  the  fact  that  the  velocity  of  streu  propagation  in 
the  pipe  was  very  much  higher  than  in  the  soil.  As  a  consequence  of  the  difference  in  arrival  times,  the  pipe  underwent 
vertical  displacement  prior  to  the  arrival  of  the  stress  wave  in  the  soil. 
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ConclusiofK 

Respite  the  limited  number  of  tests  performed  several  conclusions  may  be  drown.  However/  before  presenting  them, 
it  should  be  stated  that  one  of  the  most  significant  facts  demonstrated  by  this  investigation  is  that  the  equipment  employed 
may  be  used  effectively  to  study  soil -structure  interaction  under  static  and  dynamic  loading.  Although  a  pressure  rise-time 
of  1 1  to  12  milliseconds  was  employed  for  this  test  series,  the  dynomic  loading  device  is  capable  of  producing  equal  pressures 
with  o  rise-time  of  only  3  to  4  milliseconds.  The  shorter  rise-time  is  still  not  sufficient  to  excite  dynamic  response  in  the 
structures  err^loyod  but  is  short  enough  to  produce  greater  dynamic  response  in  the  soil  sample. 

It  is  concluded  that: 

1.  The  performance  of  the  soil  pressure  gauges  justifies  further  development  effort.  It  is  believed  that 
improved  performance  can  be  obtained  by  reducing  the  length  of  the  gauge  to  about  0.25  inches. 

2.  In  addition  to  performing  their  primary  function  as  test  structures,  the  pipes  were  very  effective  gauges. 

3.  Under  static  load,  the  value  of  Kr  at  4  inches  below  the  surface  was  higher  (Kf  s*  0.5  to  0.6)  than  at  a 
depth  of  16  inches.  This  relatively  high  value  of  Kf  is  believed  to  result  from  the  depression  of  the 
surface  of  the  soil  around  the  top  of  the  pipe.  At  a  depth  of  16  inches  below  the  surface  the  value  of 
Kf  increased  from  a  volue  of  about  0.3  at  low  pressures  to  about  0.4  at  higher  surface  loads. 

4.  D^pite  the  limited  number  of  tests  conducted  with  a  soil  pressure  gauge  at  a  depth  of  4  inches,  there 
is  reason  to  conclude  that  initially  the  soil  behaved  much  as  a  viscous  fluid  down  to  a  depth  of  at  least 
4  inches,  under  dynamic  lood.  At  a  depth  of  16  inches  the  coriiputed  values  of  Kf  were  only  slightly 
higher  than  those  obtained  during  the  static  tests  (Kf  fit  0.45). 

5.  Under  both  static  and  dynamic  loading,  as  o  consequence  of  the  transfer  of  load  from  the  soil  to  the 
structure,  circumferential  strains  at  o  depth  of  16  inches  were  tensile  rather  than  compressive.  This 
behavior  can  be  predicted  for  large  cylindrical  shells  in  soil,  with  similar  foundation  conditions  and 
under  similar  loading  conditions.  Further,  at  all  depths  the  vertical  strains  recorded  were  much  larger 
than  the  circumferential  strains,  /additional  research  is  required  to  determine  the  significance  of  these 
facts  to  the  design  of  such  structures. 

6.  Additional  studies  ore  required  before  it  will  be  possible  to  predict  the  dynamic  interaction  between  a 
cylindrical  shell,  such  as  those  tested,  and  soils  in  general.  The  tests  conducted,  however,  confirmed 
qualitative  predictions  of  the  interaction  between  a  fine  sond  and  simple  shell  structures  responding 
within  the  elastic  range,  and  furnished  some  data  which  was  not  previously  available. 
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APPENDIX  A 

LATERAL  VIBRATION  OF  A  CYLINDRICAL  SHELL  SURROUNDED  BY  SOIL 


Effect  of  Soil  on  Nohirol  Frequencies 

The  vibration  of  cyllndricarshell  subjected  to  a  dynamic,  rodioliy  symmetric  pressure  is  governed  by  the  following 
equations  of  equilibrium; 


ON 


-  p  h  -y 
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From  Equation  A~3: 
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Therefore  Equation  A-2  may  be  written: 
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Now,  for  the  case  of  a  cylindrical  shell  in  soil,  any  motion  in  the  radial  of  z-direction  will  change  the  value 
of  the  lateral  pressure  at  the  sorl<ntructure  interface  with  which  the  structure  is  in  equilibrium.  If  the  shell  moves  inward 
(i.e.,  w  is  positive  according  to  the  notation  established)  the  value  of  p  would  decrease;  if  it  moves  outward  the  value  of 
p  would  increase.  Assuming  the  soil  to  be  a  visco-elastic  medium  this  variation  might  be  expressed  as: 


p  =  K  p 


vat 


(A-5) 


where,  according  to  standard  terminology  in  soil  mechanics,  K^p^  is  the  lateral  earth  pressure  at  rest  and  k  is  the  sub- 
grode  modulus.  The  term  Cyia^/at)  accounts  for  the  viscous  properties  of  the  medium  and  serves  as  a  mechanism  by 
which  energy  may  be  dissipated  into  the  soil  from  the  structure. 

Substituting  Equation  A-S  into  A-4  the  following  equation  is  obtained 


N 

+  -B^  +  N 
R  X 


5.2 

"~T  + 


0  V 


kw-c  ph  it;: 
vd>  >’  ^ 


(A-4) 


M^,  N^  and  N^  may  be  expressed  as; 

M  - - 


.2 

a  w 

i? 


N  = 

X 


Eh 


1-V 


Vt) 


y  ^ 


Letting  B 


I2(l-v^) 


qf»d  D  = 


Eh 


1-V 


and  substituting  os  oppropriote  in  Equation  A-6  yieldb: 
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- » 1  » i  >  ’  Vv  -  -  'v  It  -  f  ^ 


Assuming  that  onl/  lateral  vibrations  are  involved  o«d  that  =  V  ^  =  0,  the  preceding  equation  may  be 
written  as: 


r*  w  ,  D  ,  K  V  o  V 


K  p  c 

ft* 


/  L/  \ 

-  _  +  +  _  j  w 

as^  “ 


B  dt  B 


(A-7) 


Equation  A-7  is  recognized  to  be  the  equation  of  damped  vibration  of  a  beam  on  an  elastic  foundation  which  may 
be  solved  by  separation  of  the  variables.  For  hinged  ends  the  solution  is: 


where 


w=  e  "  [^^1  V  ■*  S  Pn* 

_  n  v^  IT  [r  DL^  kL^  1  ^  ] 
Pn-7rVpT  1 


sin 


n  xTf 


T" 


Note  that  the  natural  circular  frequencies  of  vibration  of  a  beam  are 

nV  rr 

”"'■7 


so  that  the  entire  expreuion  within  the  brackets  amounts  to  a  correction  factor  which  must  be  applied  to  the  beam 
frequencies  to  obtain  the  shell  frequencies. 

Since  p.  is  the  natural  circular  frequency  of  vibration  of  the  shell  in  the  n^^  mode,  the  effect  of  the  subgrode 
moduli^  m  the  frequencies  of  vibration  may  be  Stained  by  examining  the  terms  within  the  brackets.  The  fjrm 
DlVnV’BR^  accounts  for  the  stiffening  effect  of  the  curvoture  of  the  shell  on  the  "beam"  ond  the  term  kL  ynV^B 
accounts  for  the  stiffening  effect  of  the  soil.  Dividing  the  latter  term  by  the  former  yields  a  ratio,  kR^/^,  by  which  the 
relative  importance  of  the  subgrode  modulus  can  be  evaluated  for  0  given  case.  Values  of  k,  obtained  by  others  (10) 
for  well-compMted  cohesionless  soils  ore  on  the  order  of  200  psi  per  inch  of  deflection.  For  the  shells  employed  in  this 
test  program  4  and  D  varies  from  about  125,000  to  about  3.6  x  10".  Thus,  for  these  shells,  the  effect  of  the  soil 
on  their  nohiral  frequencies  in  lateral  vibration  is  negligible.  Therefore,  the  equation  for  the  undamped  natural 
frequencies  of  lateral  vibration  may  be  expressed  w: 


P 


n 


Eh* 

12(1- If  p 


121 

u 


n  W 


h^R^ 


(A-8) 


The  fundamental  natural  period  of  lateral  vibration,  then  is: 


T  =  ~  (A-9) 

Pi 

Using  Equrtion  A-9  the  fundamental  natural  periods  of  lateral  vibration  of  the  pipes  used  for  these  experiments 
were  caiculoted.  The  fundomentol  natural  period  for  the  steel  pipe  is  obeut  0.06  milliseconds  whereas  the  same  period 
for  the  two  plastic  pipes  is  about  0.2  milliseconds.  Since  the  rise  time  of  the  applied  dynomic  praisure  pulse  would  be 
on  the  order  of  10  milliseconds  it  wos  apparent  that  no  dynamic  response  of  the  shells  could  be  anticiparad  unless  the 
fact  that  the  pulse  would  be  traveling  along  the  shell  excited  some  resonant  frequency. 
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Effect  of  o  Trove! ling  Lood 

file  problem  of  the  response  of  o  simply  supported  beam  to  o  moving  coTitont  'orce  has  been  solved  ^H),  If  the 
damping  effect  of  the  soil  Is  ignored,  that  solution  is  valid  for  the  response  of  a  i  >  ■'  kI?"..!  she!!  to  o  radially  symmetric 
force  moving  in  the  direction  of  the  cwis  of  the  cylinder  when  Equation  A-8  is  subsriruted  for  the  beam  frequencies.  Per¬ 
forming  the  substitution  it  may  be  seen  that  the  deflections  will  go  to  infinity  fi.e.,  a  resonant  condition  exists)  when: 

4  2  2  2 

4  DL^  ncphL 

n  =— - 1 - 

BttR  Btt 

where  c  is  the  velocity  of  the  stress  propogation  in  the  soil. 

Solving  for  c:  _  _ 

(  B  f\_  0^ 


3  2  2 

ond  since  B  =  Eh  /12(1-  V  )  ,  and  D  =  Efv/(1-  V  )  the  critical  velocities  are  a  function  of  the  shell  properties  and 
dimensions.  Specifically,  the  critical  values  ot  c  ore  defined  by 


mr  I  I  h^  12L^  ' 


2,.  2 


Note  that  h^L^  Is  very  small  for  the  pipes  tested  and  that  ^  E/p  is  the  velocity  of  stress  propagation  in  the 
shell  so  that  for  the  lowest  modes  the  critical  velocities  may  be  express(^  as  follows: 


c  ai 


_L 

nv 


iff 


The  approximate  critical  velocities  for  the  first  five  modes  of  the  steel  pipe  ond  the  two  plastic  pipes  ore 
listed  below  on  the  right. 

The  anticipated  velocity  of  stress  propagation  in  the 
soil  was  about  1000  fpi,  which  would  excite  only  very  high 
frequency  response.  The  response  contributed  from  the  very 
high  freqiMncies  which  might  be  excited  is  not  only  smoll  but 
would  undoubtedly  be  heavily  domped. 


Mode 

Number 

Pipe 

Steel 

HVC 

1 

70.^50 

?i.35Q 

2 

IS  175 

10, 6t" 

25. ’*50 

17,5*10 

5,5>' 

U.C'.'O 

. «  v•^ 

APPENDIX  B 

A  GAUGE  FOR  AAEASURING  VERTICAL  PRESSURE  IN  SOIL 


Introduction 

Use  problem  of  the  me<»urement  of  strew  or  strain  within  o  soil  maw  hoi  plagued  soils  research  from  its  beginnings 
and  hot  not  been  solved  sctlsfoctorily  oi  yet.  The  ideoi  instrument  for  making  such  meoMMements  would  hove  praporties 
that  notch  perfectly  those  of  the  soil  linrounding  it,  would  respond  perfectly  to  stotic  and  dynamic  loods  ond  be 
inexpensive  and  smoll.  Nc  tingle  gouge  now  ovoiloblo  ernbodles  these  features  olthough  a  greot  emount  of  research 
effort  hot  been  expended  on  the  development  of  such  o  pretssme  gouge. 

When  the  experlmeniol  program  desertbod  in  the  body  of  this  report  woe  coneoivod  thore  wot  no  smoll,  rolloble, 
inoxponsive,  soil  prewure  gouge  available.  Recognising  rhe  many  probltmi  involvad,  on  otterqpt  was  modo  to  dovolop 
suchogougo. 
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the  soil  pressure  gauge  consisted  of  a  solid  cylinder  of  epoxy  resin,  about  1  inch  in  diameter  and 
1  inch  in  height,  in  which  two  Tatnoll  Metolfilm  Epoxy-Back,  C6-121,  strain  gauges  were  imbedded.  One  of  the  strain 
gauges  was  oriented  to  measure  strain  along  the  vertical  axis  and  the  other,  at  right  angles  to  the  first,  was  oriented  to 
measure  radial  strain  in  the  cylinder.  A  photograph  of  one  such  gouge  is  shown  in  Figure  32. 

The  gouge  was  mode  by  pouring  a  disk  of  epoxy  resin  about  0.25  inches  thick  in  a  1-inch  diameter  mold.  After  it 
has  set  for  at  least  24  hours  the  disk  was  taken  from  the  mold  and  cut  into  two  pieces  exposing  the  centerline  of  the  cylinder. 
The  surfaces  of  the  disk  to  which  the  gauges  were  to  be  attached  were  then  polished  and  cleaned.  The  strain  gauges  were 
then  glued  to  the  half-disk  of  epoxy  resin  using  Eastman  910  adhesive.  Leads  were  soldered  to  the  gauges  ofter  the  glue 
had  set. 

The  c^ve  with  leads  attached  was  then  placed  in  the  mold  and  1 .5-inch  extensions  were  cast,  one  at  a  time  to 
each  end  so  that  the  over-all  length  of  the  gauge  was  about  3  inches.  This  length  was  chosen  to  avoid  the  effect  of  end 
restraint  during  the  uniaxial  compression  tests  to  be  described.  At  this  stage  the  gauge  was  baked  at  250^F  for  24  hours 
to  relieve  shrinkage  stresses.  The  baking  was  found  to  be  necessary  to  raise  the  proportional  limit  of  the  gauge  to  500  psi. 

After  obtaining  the  characteristic  properties  of  the  gauge  under  uniaxial  compression,  approximately  one  inch 
was  cut  off  each  end  producing  the  gauge  shown  in  Figure  32. 

Unioxial  Cumpri^ion  Tests 

Uniaxiai  compressi^  tests  or  each  gauge  vere  conducted  by  means  of  a  modified  platform  scale.  The  total  load 
on  the  gauge  was  raised  in  40  pound  increments  from  0  to  360  pounds  and  the  vertical  and  horirontol  strains  were  measured 
on  SR-4  strain  indicators  at  each  load  increment.  From  these  tests  the  value  of  the  modulus  of  elasticity  (E)  and  Poisson's 
ratio  (V )  were  obtained  for  the  gauges  subsequently  used  in  the  experimental  work  discussed  in  the  body  of  this  thesis. 

Four  such  tests  were  conducted  on  each  gouge.  The  results  obtained  were  within  two  percent  of  the  average  value 
of  strain  at  each  lood  level . 


Description  of  Gouge 
In  its  final  fon 


Colibration  Tests  in  the  Soil  Environment 

For  tliese  tests  the  gauges  were  placed  at  various  depths  in  the  same  sand  and  in  the  some  tank  subsequently  used 
for  the  soil-structure  interaction  studies.  The  objective  of  the  tests  was  to  establish  a  calibration  curve  which  could  be 
used  to  determine  the  pressure  os  a  function  of  depth  in  the  soil . 

It  was  recognized  that  because  the  plastic  cylinders  were  stiffer  than  the  soil  they  would  “ottroct"  load  so  that 
the  vertical  strain  in  the  gouge  correspondirrg  to  o  given  pressure  In  the  "free-field"  would  be  higher  than  that  obtoined 
for  the  some  pressure  urrder  uniaxial  load.  That  is,  the  existence  of  the  gouge  in  the  soil  would  disturb  the  “free-field" 
streu  distribution  and  the  total  load  on  the  plastic  cylinder  would  be  greater  than  the  load  on  on  equivalent  oreo  in  the 
"free-field"  at  the  some  depth. 

Further,  as  a  consequence  of  this  "negative  arching"  acrion,  the  lateral  pressure  on  the  sides  of  the  plastic 
cylinder  would  be  leu  than  might  be  predicted  in  the  free-field.  However,  the  laterally  oriented  strain  gouge  was  rtot 
used  to  determine  the  ratio  of  loteral  to  vertical  stren  in  the  soil.  This  measurement  wos  used  only  to  determine  whether 
the  arching  around  the  gouge  was  constant  as  a  function  of 
depth  in  the  soil . 

it  was  reasoned  that  so  long  os  the  soil  pressure 
gouge  were  at  o  sufficient  distortce  from  any  boundary, 
arching  should  not  vary  as  a  fuiKtion  of  de^  but  only  os 
o  function  of  pressure.  If  this  were  true  the  gouge  could 
be  colibrated  to  meosure  the  pressure  in  the  soil.  However, 
it  was  olso  clear  thot  it  would  hove  to  be  calibrated  for 
Hte  soil  in  which  it  was  to  be  used. 

A  total  of  25  tests  were  oon^ted  with  soil 
pressure  gouge  4  at  various  depths;  4  at  the  surface,  6  at 
i  inch,  4  ot  2  inches,  4  at  4  inches,  and  7  at  16  inches 
below  the  surface.  results  of  thM  tasts  ore  plotted 
in  Figure  33  where  each  dota  point  represents  the  average 
of  data  obtained  ot  the  depth  indicoted. 

The  vertical  strain  recorded  os  o  function  of  surface 
pressure  showed  eoreideroble  setter  particularly  at  a  depth 
of  I  inch  ^  Figure  34).  As  a  consequence  of  this 
scatter  and  the  limited  nufdber  of  tests  it  was  not  possible 


to  establish  by  stotisticol  onolysis  thot  the  data  obtained  at 
the  one-iiKh  and  two-inch  depths  ore  not  part  of  the  tome 
population. 


Fig.  32  Soil  Prassute  Gauge  Oeveloped 
for  Experimental  Firogrom 
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The  ratio  of  lateral  strain  to  vertical  strain  in  the  gouge  wos  calculated  at  three  depths  (see  Table  7).  A 
significant  and  interesting  point  is  that  at  depths  below  the  surface  the  lateral  strain  in  the  soil  pressure  gouges  was  tensile 
at  all  pressure  levels.  The  arching  of  the  soil  around  the  gauge  was  such  that  the  effective  lateral  pressure  on  the  gauge 
was  very  nearly  zero . 

Vertloel  Stxsiln  (■lcro-iriciu‘s/lnch) 


Pig.  33  Variotien  of  Verticol  Strain  in  Soil  ProMure  Gouge  No.  4  with  Depth 

Toble  7 

Contporiton  of  RoHo  of  Loterol  to  Verticol  Stroin  in  Gouge  No.  4  ot  Three  Depths 
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However,  when  the  top  of  the  gouge  was  flush  with  the  surface  the  lateral  strain  in  the  gauge  was  compressive 
at  lower  levels  of  pressure  and  tensile  at  higher  levels  of  pressure.  It  is  not  cleor  why  this  reversal  occurred,  but  the 
foct  that  it  did  occur  indicates  that  the  interaction  between  the  soil  and  the  gauge  is  significantly  different  from  that  at 
depths  such  that  orching  con  occur. 

Based  on  the  results  obtained  from  these  limited  tests,  additional  tests  were  conducted  with  pressure  gauges  No.  3 
and  No.  4  at  a  depth  of  approximately  1 .5  inches.  Calibration  curves  for  these  two  gauges  were  prepared  assumirrg 
that  the  vertical  strain  obtained  at  this  depth  corresponded  to  a  frec-field  pressure  equal  to  thot  applied  to  the  surface  of 
the  soil.  That  is,  it  was  assumed  that  the  load  transferred  to  the  wolls  of  the  tank  (approxirrxitely  24  inches  in  diameter) 
would  hove  a  negligible  effect  on  the  vertical  pressure  in  the  soil  at  a  depth  of  1 .5  inches  neor  the  center  of  the  soil 
somple.  The  calibration  curve  for  gouge  No.  4  is  shown  in  Figure  35. 


Fig.  34  Vertical  Strain  in  Soil  Rremire  Gouge  No.  4 
Oi  a  Function  of  Suffoco  Ftewure  «  l•incK 
Depth 


Strain  (ffiicro-inchev^nch) 

Fig.  35  Calibration  Cutve  for  Soil 
PrcMure  Gouge  No.  4 
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PROTECTION  OF  UNDERGROUND  STRUCTURES  BY  ARCH  ACTION  ASSOCIATED 
WITH  THE  IMPERFECT  DITCH  METHOD  OF  CONSTRUCTION 

by 

Merlin  G.  Spongier* 


Marston's  Theory  of  Loads  on  Underground  Conduits  is  a  classical  procedure  for  the  evaluation  of  arching 
phenomena  in  the  soil  overburden  above  an  underground  structure.  It  has  a  history  of  more  than  fifty  years  of  theoretical 
and  experimental  research,  and  of  successful  application  and  experience  in  the  sev^eroge  and  allied  fields  of  engineering 
practice . 

Arch  actio  I  and  the  equal  and  opposite  arch  support  play  o  tremendously  important  role  in  the  development  of 
earth  load  on  a  structure.  Under  some  circumstances,  such  as  the  cose  of  a  pipe  in  a  trench,  its  effect  is  favorable;  that 
is,  it  reduces  the  load  as  compared  to  the  dead  weight  of  the  prism  of  soil  lying  above  the  structure.  In  other  cases,  such 
as  some  installations  of  culverts  under  embankments,  arch  action  may  be  inverted  and  the  lood  on  the  structure  may  be 
considerably  greater  than  the  weight  of  the  overlying  prism  of  soil.  The  purpose  of  this  paper  is  to  review  the  various 
aspects  of  the  Marston  Theory,  giving  special  attention  to  the  imperfect  Ditch  Method  of  Construction,  by  which  the 
prir^r.  ioles  of  arch  action  and  arch  support  are  employed  to  minimize  the  load  on  a  buried  structure.  This  method  of  con¬ 
struction  has  been  rather  widely  used  to  reduce  the  static  ea  th  load  on  highway  culverts,  and  its  use  is  growing  as  heights 
of  embankments  increase  due  to  upgrading  of  standards  for  sight  distance  and  curvature  to  accommodate  faster  and  greater 
voiumas  of  highway  traffic.  To  the  best  of  the  author's  knowledge,  the  method  hos  not  been  employed  in  connection  with 
structures  subjected  to  shock  or  dynamic  loads.  However,  it  is  his  opinion  that  the  basic  principles  of  the  method  may  be 
effuctiv  n  in  minimizing  loads  of  this  character,  as  well  os  static  earth  loads. 

For  purposes  of  load  calculation^  underground  conduits  are  conveniently  classified  on  the  basis  of  their  con¬ 
struction  environment  which  influences  differential  settlements  of  the  structure  and  its  overlying  prism  of  soil,  in  reiatior 
to  settlements  of  the  adjacent  masses  of  soil.  This 


classification  is  given  in  Table  1  and  illustrated  in 
Figure  1, 

TABLE  1 

CLASSIFICATION  OF  UNDERGROUND  CONDUITS 

I.  Ditch  Coiiduits 

II.  Projecting  Conduits 
A.  Positive 

1  •  Complete  Projection  Condition 

2.  Incomplete  Projection  Condition 

3.  Complete  Ditch  Condition 

4.  incomplete  Ditch  Condition 


B.  Negative 

1 .  Complete  Ditch  Condition 

2.  Incomplete  Ditch  Condition 

III.  Special  Coses 

A.  imperfect  Ditch  Conduits 

1 .  Complete  Ditch  Condition 

2.  Incomplete  Ditch  Condition 


ll-B.  rrsjtetini  Conduit  III.  Importacl  Oitdi  Conduit 


Fig.  1  Classification  of  Underground  Condc.n 
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A  Ditch  Conduit  i$  dofined  os  a  stnicture  which  is  placed  at  the  bottom  of  o  ditch  and  then  covered  with  backfill 
up  to  the  natural  ground  surface.  Sewers  and  drains  are  typicol  examples  of  this  type  of  installation.  Projecting  Conduits 
ore  structures  installed  with  their  tops  at  on  elevation  near  the  natural  ground  surface  and  then  covered  with  an  embankment. 
If  the  top  of  the  structure  projects  above  the  ground  surfoce  it  is  a  Positive  Projecting  Conduit.  If  it  is  placed  in  a  shallow 
trench  and  the  top  lies  below  the  ground  surface,  it  is  a  Negative  Projecting  Conduit.  A  transition  case  which  is  sometimes 
recognized  is  the  Zero  Projecting  Conduit,  wherein  the  top  of  the  structure  is  level  with  the  natural  ground  surface.  High¬ 
way  and  railway  culverts  are  typical  examples  of  these  classes  of  structures.  Imperfect  Ditch  Conduits  are  first  installed  as 
positive  projecting  conduits.  Then  the  soil  at  the  sides  and  for  some  distance  above  the  top  is  thoroughly  compacted,  after 
which  a  trench  is  excavated  directly  above  the  structure.  This  trench  is  refilled  with  highly  compressible  material  and  the 
embankment  is  completed  to  grade  in  a  normal  manner.  The  deeper  the  imperfect  ditch  and  the  more  compressible  the  back¬ 
fill  soil,  the  greater  will  be  the  reduction  in  load  on  the  structure.  Or,  saying  it  another  way,  the  greater  will  be  the  arch 
support  action  by  which  o  portion  of  the  weight  of  the  prism  of  soil  above  the  structure  is  transmitted  to  and  carried  by  the 
adjacent  columns  of  soil. 

In  connection  with  the  development  of  load  on  an  underground  structure,  arch  action  is  considered  to  be  the 
resultant  of  lateral  thrust  and  vertical  sheering  forces  which  are  mobilized  on  certain  vertically  oriented  planes  in  the  soil 
overburden.  In  the  cose  of  ditch  conduits  and  negative  projecting  conduits,  the  vertical  planes  ore  coincident  with  or  rise 
above  the  sides  of  the  trench.  In  the  cose  of  positive  projecting  conduits  and  imperfect  ditch  conduits,  the  planes  in 
question  rise  vertically  above  the  sides  of  the  structure. 

The  magnitude  of  arch  support  can  be  evaluated  by  means  of  the  Marston  Theory.  It  represents  the  algebraic 
difference  between  the  dead  weight  of  the  overburden  soil  and  the  earth  load  to  which  the  structure  is  subjected,  os 
indicated  by  the  load  formula.  For  ditch  conduits,  this  load  formula  is  derived  by  considering  the  forces  acting  on  a  thin 
horizontal  slice  of  backfill  material,  os  shown  in  Figure  2.  The  summation  of  vertical  forces  on  the  slide  equal  zero. 
Therefore  w 

V  +  dV  +  2Ku'^dh  =  V  +wB  .dh  (1) 

This  is  a  linear  differential  equation,  the  solution  for  which  is 


V 


=  wB 


2  1-e 


-2Ku'(h/Bd) 

“IkT 


(2) 


At  the  elevation  of  the  top  of  the  conduit,  h  =  H;  and  by  substituting  this  value  in  Equation  2,  we  obtain  an  expression 
for  the  total  vertical  pressure  on  the  horizontal  plane  through  the  conduit  top.  Thus  Equation  2  may  be  written. 


W 


c 


(3) 


in  which 


Wc 

w 

Bd 


load  on  conduit,  pif 

unit  weight  of  backfill,  pcf 

width  of  ditch  at  top  of  conduit,  ft. 


o  colculation  coefficient  = 


1-e 


-2Ku'(K/Bj) 

"2kU’ 


(4) 


e  =  base  of  natural  logarithms 
K  =  ratio  of  lateral  pressure  to  vertical  pressure 
u'  =  coefficient  of  friction  between  bocldill  and  sides  of  cUtch 
u  =  tan  JEI,  the  coefficient  of  internal  friction  of  the  backfill  soil 
Values  of  C^j  can  be  taken  from  the  curves  in  Figure  3. 

As  stated  above,  the  magnitude  af  arch  support  is  the  algebraic  difference  between  the  weight  of  backfill  and 
the  load  on  the  structure.  For  the  case  of  ditch  conduits,  this  difference  is 


A  .  -  CjBj)  (5) 

in  which 

Ay  =  arch  support,  pIf  (support  derived  from  both  sides  of  the  ditch). 

The  lateral  and  vertical  forces  which  constitute  the  arch  action  and  arch  support  at  any  point  below  the  ground 
surface  are  shown  in  Figure  4.  The  force  B  is  the  loteral  pressure  of  the  backfill  against  the  side  of  the  ditch  and  B'  is  its 
equal  and  opposite  reaction.  The  force  A  is  the  shear  force  at  the  point  and  is  equal  to  B  times  the  coefficient  of  friction 
between  the  backfill  and  the  ditch  side,  while  A'  is  its  equal  and  opposite  reaction.  The  force  C  and  its  reaction  C  are 
the  resultants  of  A  and  B  and  of  A'  and  B'  respectively* 
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The  moximum  value  of  the 
vertical  shearing  force  and  resistance 
(forces  A  ond  A'  in  Figure  4)  is  the 
shear  strength  betv/een  the  backfill 
and  the  ditch  sides.  This  maximum 
value  defines  the  limiting  amount  of 
arch  support  which  is  avoiiable  to 
help  carry  the  weight  of  the  backfill . 
All  of  the  backfill  weight  in  excess  of 
the  arch  support  is  transmitted  to  the 
pipe  at  the  bottom  of  the  ditch.  The 
shearing  strength  of  the  soil  is  fully 
mobilized  by  downward  movement  of 
the  backfill,  due  to  settlement  of  the 
structure  into  its  bedding  plus  com¬ 
pression  strain  or  consolidation  of  the 
backfill.  The  magnitude  of  this  down¬ 
ward  movement  will  normally  be 
sufficient  to  fully  mobilize  the  shear 
strength  of  the  soil;  and  having  been 
mobilized,  it  continues  to  be  effec¬ 
tive  because  of  the  tendency  for 
downward  movement,  even  though 
actual  finite  movements  have  ceased. 
The  permanent  character  and  effec¬ 
tiveness  of  shear  strength  and 
accompanying  arch  action  in  the 
overburden  soil  has  been  demonstrated 
by  experiments  at  Iowa  State  Univer¬ 
sity,  wherein  the  meosured  loads  on 
three  underground  conduits  remained 
nearly  constont  over  a  period  of  21 
years. 

if  the  conduit  is  installed  in 
a  tunnel  in  such  a  manner  that  the 
overburden  soil  is  undisturbed,  it  may 


Fig.  2  Free  Body  Diagram  Ditch  Conduit 


be  appropriate  to  consider  that  cohesion  is  an  effective  contributor  to  arch  support  of  the  overlying  soil.  The  load  formula, 
talg’ng  cohesion  into  account  and  derived  in  a  manner  similar  to  that  indicated  above  is 


-  2c)  (6) 

in  which 

Wf  =  load  on  conduit,  pif 
w  =  unit  weight  of  overburden  soil,  pcf 
Bt  =  width  of  tunnel,  ft. 

==  a  calculation  coefficient 
c  =  cohesion  of  overburden  soil,  ptf 

Note  that  equals  C^#  and  values  can  be  taken  from  the  curves  in  Figure  3.  Suggested  values  of  cohesion  for  tome 
typical  toils  ore  shown  in  Table  2.  Again,  the  mognitude  of  arch  support  can  be  evaluated  by  subtracting  Equation  6  from 
the  weight  of  the  prism  of  soil  above  the  tunnel .  This  gives 

A^  =  [wH  -  C^(wB^  -  2c)]  (7) 
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TABLE  2 

RECOMMENDED  VALUES  OF  COHESION 


Soil  Material 

C£^f 

Cloy,  very  soft 

40 

Clay,  medium 

250 

Clay,  hard 

1,000 

Sand,  loose,  dry 

0 

Sand,  silty 

100 

Sand,  dense 

300 

Topsoil,  saturated 

100 

Wh«n  a  conduit  is  installed  as  a  positive  projecting  conduit, 
shearing  forces  also  ploy  an  important  role  in  the  development  of  arch 
action  and  the  resultant  load  on  the  structure.  In  this  case  the  planes 
along  which  relative  movements  are  assumed  to  occur  and  on  which 
shearing  forces  are  generated,  are  the  imaginary  vertical  planes 
extending  upward  from  the  sides  of  the  conduit,  as  indicated  in  Figures 
5  and  6.  The  width  factor  in  the  development  of  the  load  formula  is 
the  outside  breadth  of  the  structure,  designated  as  The  vertical 
distance  from  the  natural  ground  surface  to  the  top  of  the  conduit  is 
expressed  as  pB^  in  which  p  is  the  Projection  Ratio. 


Fig.  4  Arch  AcHot)  in  Boekflll 
Over  0  Ditch  Conduit 


Fig.  3  Diagram  for  Coefficient  C^j 
for  Ditch  Conduits 


The  magnitude  and  direction  of  relative 
movements  between  the  interior  prism  ABCD, 
Figures  5  ond  6,  and  the  adjacent  exterior  prisms 
are  influenced  by  the  settlement  of  certain  ele¬ 
ments  of  the  conduit  and  the  adjacent  soil .  These 
settlements  ore  combined  into  on  abstract  quantity, 
colled  the  Settlement  Ratio,  according  to  the 
formula 


in  which  (see  Figures  5  and  6) 

'^sd  Mttiement  ratio 
s„,  *  compression  stroin  of  the  side 
coiumns  of  soil  of  height  pB^ 

Sg  *  settlement  of  the  natural  ground 
surfoce  odjocent  to  the  con^it 
Sf  *  settlement  of  the  conduit  into  its 
foundation 


dg  >  shortening  of  the  verticol  height 
of  the  conduit 


In  connection  with  the  influentiol  settle¬ 


ments,  it  is  convenient  to  deflrte  o  criticol  plar>e, 
which  is  the  horiiontal  plane  through  the  top  of 
the  cortdult  when  the  fill  is  level  with  its  top,  thot 
is,  when  H  ■  0.  During  and  after  construction  of 


the  en^Kinkment,  this  plone  settles  downward.  If 


it  settles  more  than  the  top  of  the  pipe,  os  illus¬ 
trated  in  Figure  5,  the  settlement  ratio  Is  positive; 
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the  exterior  prisms  move  downward  with  respect  to  the 
interior  prism;  the  shearing  forces  on  the  interior  prism  are 
directed  downward;  the  arch  action  in  the  overfill  is  inverted 
and  the  resultant  load  on  the  structure  is  greater  than  the 
weight  of  the  prism  of  soil  directly  above  it.  This  is  known 
os  the  Projection  Condition. 

If  the  criticol  plane  settles  less  than  the  top  of  the 
Conduit,  as  in  Figure  6,  the  settlement  ratio  is  negative;  the 
interior  prism  moves  downward  with  respect  to  the  exterior 
prisms;  the  shearing  forces  on  the  interior  prism  are  directed 
upward;  arch  action  is  similar  to  that  in  the  cose  of  a  ditch 
conduit  and  the  resultant  load  is  less  than  the  weight  of  the 
soil  above  the  structure.  This  is  called  the  Ditch  Condition. 

in  the  case  of  a  ditch  conduit  the  shearing  forces 
extend  all  the  way  from  the  top  of  the  pipe  to  the  ground 
surface,  as  shown  in  Figure  2.  In  a  projecting-conduit 
installation,  however,  if  the  embankment  is  sufficiently  high, 
the  shearing  forces  may  terminate  at  some  horizontal  plane 
in  the  embankment  which  is  called  the  Plane  of  Equal  Settle¬ 
ment.  A  plane  of  equal  settlement  develops  because  a  part 
of  the  vertical  pressure  in  the  exterior  prisms  is  transferred 
by  shear  to  the  interior  prism,  or  vice  versa.  This  transfer 
of  pressure  causes  different  unit  strains  in  the  interior  orKl 
exterior  prisms,  and  at  some  height  above  the  conduit  the 
accumulated  strain  in  the  exterior  prism  plus  the  settlement 
of  the  critical  plane  will  just  equal  the  accumulated  strain 
in  the  interior  prism  plus  the  settlement  of  the  top  of  the 
structure.  Above  the  plane  of  equal  settlement  the  interior 
and  exterior  prisms  settle  equolly,  and  siiKe  there  ore  no 
relative  movements  between  the  adjacent  prisms,  no  shearing 
forces  are  generated  in  this  zone. 

When  the  height  of  the  plane  of  equal  settlement 
above  the  top  of  the  conduit,  designated  as  H«,  it  lets  than 
the  height  H  of  the  embonkment,  the  plane  of  equal  settle- 
ment  is  real.  This  it  colled  either  the  Incomplete  Ditch 
Condition  or  the  Incomplete  Projection  Condition,  because 
the  shearing  forces  do  not  extend  completely  throughout  the 
total  height  of  embankment.  If  it  greater  than  H,  the 
plane  of  equol  settlement  it  imogirvory.  This  it  referred  to 
os  either  the  Complete  Ditch  Condition  or  the  Complete 
Projection  Conoition,  because  the  thearirtg  forces  ^  extersd 
completely  to  tiie  top  of  the  embankment.  (See  Tdble  1  ortd 
Figure  7). 

By  0  process  similar  to  that  employed  in  the  case  of 
ditch  conduits,  Morston  derived  a  formula  for  the  vertical 
load  on  o  positive  projecting  conduit.  For  the  complete 
ditch  or  projection  condition,  the  formula  is 


W 


C  wB  • 

c  c 


in  which 

.i2Ku(tVBc)_, 
S  i2Ku 


W 


(10) 


Top  ot  embjnlimfnt 


:  ( 
K  ii 


Fig.  5  Settlements  which  Influence  Loads  on 

Positive  Projecting  Conduits  (Incomplete 
Projection  Condition) 


*— — ■  f  AJis 


the  plus  signs  are  used  for  the  conqslete  projeetion  condition, 

and  minus  signs  ore  used  for  the  complete  ditch  condiHcn.  4  SetHemmiti  which  Influence  Leo4  on 

Positive  Projecting  Conduits  (Ineeeiplete 
Ditch  Condition) 
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Also,  for  the  incomplete  ditch  or  projection  condition. 


C 

c 


(tV'Bc-H 


(11) 


The  plus  signs  ore  used  for  the  incomplete  projection  condition,  and  the  minus  signs  are  used  for  the  incomplete  ditch 
condition. 

In  Equations  9,  10  and  11, 

Wc  =  load  on  conduit,  pif 
w  =  unit  weight  of  embankment  soil,  pcf 
Bq  =  outside  width  of  conduit,  ft. 

H  =  height  of  fill  above  conduit,  ft. 

He  =  height  of  plane  of  equal  settlement,  ft. 

K  =  lateral  pressure  ratio 

u  =  tan  jB  =  coefficient  of  friction  of  fill  material 
e  =  base  of  natural  logarithms 

A  formula  for  evaluating  is  derived  by  equating  an  expression  for  the  sum  of  the  total  strain  in  the  interior 
prism  and  the  settlement  of  the  top  of  the  conduit  to  a  similar  expression  for  the  sum  of  the  total  strain  in  an  exterior  prism 
and  the  settlement  of  the  critical  plane.  This  formula  is 


[ 


l/2Ku+ (H/B^-H  /B^)± 


+2Ku 


±  1/2(H ^B^)  et^KuCHe/Bc) 

-  1/2Ku«H ±  yB^  ^ ^ 


(12) 


Use  the  upper  sigra  for  the  incomplete  projection  condi¬ 
tion,  for  which  the  settlement  ratio  is  positive,  and  use 
the  lower  signs  for  the  incomplete  ditch  condition,  for 
which  the  settlement  ratio  is  negative. 

It  it  difficult  and  time-consuming  to  solve 
Eq'Mtiortt  1 1  artd  12.  Fortunately  the  results  con  be  given 
in  o  relatively  simple  diagram  from  which  volues  of  the 
load  coefficient  Cc  can  be  obtained  for  substitution  in 
Equation  9.  Such  o  diagram  is  shown  in  Figure  7.  it  will 
be  noted  that  it  a  function  of  the  ratio  of  the  height  of 
fill  to  the  width  of  the  conduit,  and  of  the  product^* 
of  the  settlement  ratio  and  the  projection  ratio,  r^^,  os 
well  as  of  the  friction  chorocteristics  of  the  soil.  Hm-  ^ 
ever,  Manton  pointed  out  that  the  influence  of  the  • 
coefndent  of  internal  friction,  u,  is  relatively  miner  in  J 
thfr  case,  and  It  is  net  considered  necessary  to  differen-  ^ 
tiete  between  various  soils  as  for  ditch  cort^li.  There¬ 
fore,  in  Mnsinicting  Rgure  7,  it  was  assumed  that 
Ku  ■  0.19  for  the  projection  condition.  In  which  the 
shearing  fercee  are  diracted  downward,  end  Ku  «  0. 13  for 
the  ditch  cortdtion,  in  which  the  shearing  forces  ore 
directed  upward.  This  diogrem  gives  reoeenobie  maximum 
loods,  the  accuracy  of  which  is  within  the  degree  of 
precision  of  the  assumptions  upon  which  the  analysis  is 

L. - 

DQMOp 


Fig.  7  Diagram  for  Codflcient  C^,  for 
Positive  hojecting  Corsdi’fts 
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The  ray  lines  in  Figure  7  represent  values  of  versus  according  to  Equation  11,  whereas  the  envelope 
curves  correspond  to  Equation  10.  The  ray  lines  intersect  the  envelope  curves  at  points  where  =  H.  Therefore,  this 
diagram  can  be  used  to  estimate  the  height  of  the  plane  of  equal  settlement  in  a  particular  case,  os  well  os  to  estimate  the 
food  on  the  conduit. 

Although  the  settlement  ratio,  r^,  is  a  rational  quantity  in  the  development  of  the  load  formula,  it  is  difficult, 
and  impractical  to  predetermine  the  actual  value  which  will  be  developed  in  a  specific  cose.  Therefore,  this  ratio  is 
considered  to  be  an  empirical  quantity  and  working  values  for  design  purposes  ore  determined  from  observations  of  the 
performance  of  actual  culverts  under  embankments.  Such  observations  hove  been  made,  and  the  values  recommended  in 
Table  3  are  based  on  them. 


TABLE  3 

DESIGN  VALUES  OF  SETTLEMENT  RATIO 


Conditions 


Rigid  culvert  on  foundation  of  rock  or  unyielding  soil 
Rigid  culvert  on  foundation  of  ordinary  soil 
Rigid  culvert  on  foundation  of  material  that  yields 
with  respect  to  adjacent  natural  ground 
Flexible  culvert  with  poorly  compacted  side  fills 
Flexible  culvert  with  well*<ompacted  side  fills* 

*Not  well  established 


Settlement  Ratio 


+  1.0 

+0,5  to  +0.8 
0  to  +0.5 

-0,4  to  0 
-0,2  to  +0,8 


Examination  of  the  load  coefficient  diagram  in  Figure  7  indicates  that  when  the  product  of  the  settlement  ratio 
Tffj  and  the  projection  ratio  p  equals  zero,  then  C<;  =  fVBc»  When  this  volue  of  Cc  is  yjbstituted  in  Equation  9,  the  lood 
formula  reduces  to  We  -  HwBe;  that  is  to  soy,  the  load  is  equal  to  the  weight  of  the  prism  of  soil  directly  above  the  con¬ 
duit  and  there  is  rto  arch  action  ortd  no  arch  support.  The  settlement  ratio  is  equol  to  zero  when  the  criticoi  plane  settles 
the  same  amount  as  the  top  of  the  corKluit,  that  is,  when  Sm'tSg^sf+de,  The  projection  ratio  is  equal  to  zero  when  the 
structure  it  initoiled  in  o  narrow  and  shallow  trench  so  that  its  top  is  approximately  level  with  the  odjoeent  natural  ground. 
This  is  the  transition  cose  between  positive  and  negotive  conduits,  os  previously  discussed  on  Page  532. 

Attention  it  directed  to  the  fact  that  in  the  incomplete  projection  cor^ition,  that  it  when  the  settlement  ratio  is 
positive,  the  ihearirrg  forces  mobilized  along  the  verticol  plorm  in  the  embankment  ore  directed  downward,  the  arch 
action  it  inverted  and  the  lood  on  the  structure  it  greater  than  the  weight  of  the  overlying  prism  of  soil.  In  the  incomplete 
ditch  condition  the  arch  action  it  normol.  The  mag.)itude  of  arch  oetion,  either  normal  or  inverted,  is  indicoted  in 
Figure  7  by  the  deviotion  of  the  vorious  roy  lines  from  the  diogottal  line  for  ffjp  •  0,  which  represents  the  weight  of  the 
overlying  prism  of  toil. 

ArMlytis  of  loads  on  imperfect  ditch  eonduih  wot  first  published  by  the  author  in  1950.  It  follows  the  seme 
general  philes^y  and  opprooeh  os  thot  previously  employed  by  Matron  for  other  classes  of  corsduilt.  The  elements  of  on 
in^erfeet  ditch  conduit  are  shown  in  Figure  8.  TNHe  ore  two  carat  to  be  considered;  the  complete  ditch  cen^Hon  in 
which  the  shearing  forces  and  arch  action  ore  effective  oil  the  way  to  the  top  of  the  embankment,  and  the  incomplete 
ditch  condition,  wherein  ihey  terminate  at  a  plane  of  equal  settlement. 

A  free  body  diagram  for  the  first  case  is  shown  in  Figure  9.  Setting  the  summation  of  verticol  forces  equol  to 

xero, 

V  +  dV  »  V  +  w8dh  -  2Ku(V/l^)dh  (13) 

c  c 

The  boundary  conditions  are  when  h  •  0,  V  •  0,  and  the  soluHon  is 


2  -»Cu0^lc)., 
c  *2Ku 

(’4) 

At  the  top  of  the  conduit,  V  ■  Wc  and  h  •  H,  whence 

W  •  C 

(15) 

c  n  c 

In  which 

Cn  •  . . ■ 

(ic, 
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Next,  consider  the  incomplete  ditch  condition  in  which  H  =  os  illustrated  in  Figure  10.  Equate  the  vertical 
forces  on  a  thin  horizontal  element  at  distance  h  below  the  plane  of  equal  settlement. 


V  +  dV  =  V  +  wB^dh  -  2Ku(V/B^)dh 
when  h  =  0,  V  =  (H“He)wBc  and  the  solution  of  Equation  17  is 


V  =  wB 

I 

At  the  top  of  the  conduit,  V  =  and  h  =  Ha,  whence 


in  which 


W  =  C  wB 
c  n  c 


(17) 

(18) 

(19) 

(20) 


oleVOtlOW 

Fig.  8  flsNiwnto  of  «t  leqMr^t  Ditch  Conduit 
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In  order  to  solve  Equation  20,  it  is  necessory  to  know  the  value  of  An  expression  for  determining  He  may  be 
derived  by  equating  tlie  total  settlement  of  the  interior  prism  ABCO  at  the  plane  of  equal  settlement  to  the  totol  settlement 
of  the  exterior  prisms  at  this  plane.  The  settlement  ratio  in  this  case  is  defined  os 


sd 


(21) 


in  which  (see  Figure  8) 

rjjj  =  settlement  ratio 

Sg  =  settlement  of  surfoce  of  compacted  fill 

s^  =  compression  strain  of  the  ditch  bockfill  of  height  p'B^ 

Sf  =  settlement  of  the  conduit  into  its  foundation 
dc  =  shortening  of  the  vertical  height  of  conduit 

Note  that  the  settlement  ratio  is  always  a  negative  quontity  in  a  properly  constructed  imperfect  ditch  conduit, 
because  of  the  relatively  compressible  trench  bockfill. 

The  equality  referred  to  above  is 


X  +  s  ,  +  s,  +  d  =  X'  ♦  j  (22) 

d  f  c  9 

In  this  expression,  X  and  X*  ore  the  total  compresiiion  strains  in  the  interior  and  exterior  prisms  respectively,  within  the 

vertical  height  H*  .  Substituting  Equation  21 

0 


To  derive  expressions  for  X  and  X'  the  following  assumptions  ore  employedb 

1,  Thot  the  internal  friction  in  the  fill  materiols  distributes  the  infinitely  smoll  decrements  of  pressure  from 
sheor  into  the  interior  prism  below  the  plorte  of  equal  settlement  in  such  o  manner  that  the  effect  on 
settlement  is  substantially  the  some  os  for  uniform  verttcol  pressure. 

2.  That  the  internal  friction  in  the  fill  materiols  distributes  the  infinitely  smoll  increments  of  pressure  from 
shear  into  eoch  of  the  exterior  prisms  below  the  plane  of  equoi  settlement  in  such  o  manner  thot  the 
effect  on  settlement  Is  substantially  the  tame  as  though  the  pressure  were  distributed  uniformly  over  o 
width  of  prism  equal  to  the  width  of  the  corKkiit,  B^. 

Referring  to  Figure  iC,  the  expression  for  X,  the  compression  of  the  prism  ABCO  is  derived  os  follows: 


in  which 


d  V  -  g^jdh 
c 

E  ^  modulus  of  compression  of  toil  materiel  substituting  Equation  18  in  Equation  24, 


.t  (■ ^  ,  -KuOv  Ui 

''•rl - ^ 


htegroting  between  the  llmitt  h  0  end  h 


In  o  similar  monner 


w8  ^  H*»H*  ,  *‘2Ku(H]p>'le)  .  I 

c  c 

3wB  ^  M’  H'-M'  ,M*  w8  ^  ,  M* 

_ c  e ,  •  .  1  Oi  _ c  I  • 


(24) 


(25) 


(»i 


“•ar  — :3Kr“ 


(27) 
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Th«  •xprmtSon  for  it 


P'WB^  ^-2Ku(H;/Bc).,^  H»-h; 

»j  I  f  151^3  I*  .  • 


(28) 


Substituting  Equotiom  26,  27  and  28  in  Equation  23  gives 


(29) 


Voluos  of  Hy'Bc  corrosponding  to  H'/Bc  for  various  voluos  of  rjjp*  moy  bo  obtained  from  Equation  29.  Then  since 
H  ~  H*  p'Bq  and  p'Bc  (see  Figure  8),  it  is  possible  to  determine  values  of  Cn  from  Equation  20.  Substituting 

Cn  in  the  lo^  formuio.  Equation  IS,  ioodi  or.  imperfect  ditch  conduits  moy  be  obteined.  Oiagroms  showing  volues  of  C^ 
versus  fV^Bc  ^  vorious  values  of  r^^j  have  been  drawn  for  volues  of  p*  =  0.5,  1 .0,  )  .5  ond  2.0  and  ore  shown  in 
Figures  1 1,  12,  13  and  14.  C^  for  intermedlote  volues  of  p*  may  be  obtained  by  interpolation  with  sufficient  occuracy 
for  design  purposes*  Empirical  measurements  of  volues  or  for  this  type  of  corKfuit  instoliotion  ore  very  meager  ot  the 
present  time.  The  few  measurements 
which  hove  been  mode  indicote  thot 
volues  in  the  range  of  >0.3  to  -0.5 
ore  appropriate. 

When  Morston  fint  irwented 
the  imperfect  ditch  method  of  con¬ 
struction,  approximately  45  years 
ago,  he  suggested  that  straw,  hoy  or 
cornstalks  might  be  incorporated  in 
the  ditch  bockfill  to  increase  its 
compressibility.  If  such  materiols 
ore  uied,  the  settlement  ratio  will  be 
decreased,  the  lood  on  the  structure 
will  be  decreased  ond  the  magnitude 
of  arch  support  will  be  increased. 

As  In  previous  coses,  the 
developed  arch  suppon  it  equal  to 
the  algebraic  dfferance  between  the 
weight  of  the  centre!  prism  of  soil 
oisd  the  teed  on  the  slrueirure.  Thus 


wB  (H<  B  ) 
€  C 


(») 


I  e  numerkol  example 
in  which  on  84  in.  0*0.  pipe  is 
insloiled  as  an  imperfect  ditch  con¬ 
duit  under  90  ft.  of  fill.  Also 
tjj  *  *0.4,  w  *  120 ,  cf.  then 
tV'Bc  From  Figure  14 

Cn  * 


Fig.  9  Free  Body  Diagram  impetfoct  Ditch  Conduit 
(Compiate  Ditch  Condiiiun} 
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Th«  load  on  the  structure  is,  by  Equation  ^5 

=  5.2  X  120x7^  =  30,600  pif 

Also,  by  Equation  30,  the  orch  support  is 

A  =  120  x  7(80  -  5.2  x  7)  =  36,600  pIf 

s 

The  weight  of  the  central  prism  of  soil  i: 

=  80  X  120  X  7  =  67,200  pif 

it  is  irtdicated  that  urfder  conditions  assumed  in  this  exomple,  arch  action  orxi  orch  support  occount  for  54  percent  of  the 
weight  of  overburden  soil,  while  the  remaining  46  percent  is  carried  by  the  structure. 


I 


Top  of  embonkmenr-y 


I 


Fig.  10  Free  lody  Oiegreee  letpeHect  Oitoh  Correit 
(Incoetpkrte  OlicK  Condition} 
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Fig ,  11  Diagram  for  Coefficient  Cf-,  for  Imperfect 
Ditch  Coriduits  and  Nisgative  Projecting 
Conduits,  p'  =  0,5 


Valves  of  Coefficient  C 

n 

Fig.  1J  Diagram  for  Coefficient  Cf,  for  Imperfecr 
Ditch  Conduits  and  Negative  Projecting 
Conduits,  p'  =  1.5 


Fig.  12  Oiogram  for  Coefficient  C^  for  Imperfect 


Fig.  14  Diogrom  for  Coefficient  C^  for  Imperfect 
Ditch  Conduits  and  Negative  Projecting 
Conduits,  p'  =  2.0 
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The  load  formulo.  Equation  15,  can  also  be  used  in  the  cose  of  negative  projecting  conduits,  by  substituting 
the  width  of  ditch  in  which  the  conduit  is  laid,  for  Bj. ,  The  values  of  con  be  obtained  from  Figures  11,  12,  13  and  14 
by  using  the  ratio  instead  of 

Quantitative  eyperimental  evidence  of  toods  on  imperfect  ditch  conduits  is  very  meager.  Marston  first  demon¬ 
strated  the  effectiveness  of  the  procedure  in  experiments  conducted  in  1919,  1920  and  1921,  in  which  loads  on  a  culvert 
consisting  of  ten  2  ft,  long  sections,  3-1/3  ft.  in  diameter  were  weighed.  The  embankments  over  the  culvert  were  20  ft. 
high  and  the  fill  material  weighed  96  lb.  per  cu.  ft.  The  projection  ratio  in  these  experiments  was  0.9.  The  influence 
of  the  settlement  ratio  hod  not  been  discovered  at  that  time,  and  it  was  not  measured.  It  has  since  been  estimated  to  hove 
been  in  the  neighborhood  of  +0,9  to  +1.0,  The  following  is  quoted  from  his  "First  Progress  Report,"  presented  on 
Noverricr  28,  1921,  to  a  meeting  of  the  Joint  Concrete  Culvert  Pipe  Co...mlttee  consisting  of  two  representatives  of  each 
of  the  following  organizotions. 

American  Concrete  Institute 
American  Association  of  State  Highway  Officials 
American  Railway  Engineering  Association 
Americon  Society  for  Testing  and  Materials 
American  Society  of  Civil  Engineers 
American  Concrete  Pipe  Associotion 
Bureau  of  Public  Roads 

"The  outstanding  result  of  the  work  of  1919-1920  was  the  very  heavy  weights  per  lineal  foot  of 
culvert  imposed  upon  the  culvert  by  the  weight  of  the  embankment  mater'al,  amount,  as  already  stated, 

-  approximately  to  1-3/4  times  the  total  weight  of  the  embankment  material  immediately  over  the  culvert, 

"Hence,  it  was  decided  to  attempt  to  find  a  special  method  of  construction  of  the  embankment 
which  would  reduce  the  load  transmitted  to  culvert, 

"Accordingly,  (ginning  the  lotter  part  of  July  1920,  an  embankment  was  built  of  sandy  loam 
top  soil,  over  the  culvert  and  to  a  level  4  feet  above  its  top,  taking  special  care  to  consolidate  this 
embankment  over  the  culvert,  and  on  each  side,  using  a  road  roller  for  that  purpose  and  depositing  the 
material  in  layers. 

"On  completion  of  this  embankment  to  c  height  of  4  feet  above  the  top  of  the  culvert,  os  above 
described,  o  vertical  trench  4-1/2  feet  wide  was  dug  immediately  over  the  top  of  the  culvert  itself, 
which  was  entirely  cleared  of  material .  This  trench  should  hove  been  3-1/3  feet  wide  to  secure  the  best 
results,  but  it  was  found  necessary  to  moke  it  4-1/2  feet  wide  to  permit  raodjusting  the  2  feet  sections  of 
the  culvert  which  hod  become  diksrranged  by  the  road  roller  in  making  the  fill, 

"On  completion  of  this  trench  it  wos  refilled  with  material  deposited  in  the  loosest  possible 
condition, 

"Immediately  offer  refill ifig  this  trench  with  loose  material,  the  construction  of  the  embankment 
was  resiimed  ond  Carried  on  until  the  embonkment  reached  n  total  height  of  20  feet  on  September  29, 

1921  ..... 

"During  this  process  it  was  fuund  that  the  weights  imposed  upon  the  culvert  by  the  embankment 
at  different  heights  were  much  iess  than  those  in  the  work  of  the  preceding  year.  In  other  words,  con- 
siructing  t!ie  h-er.ch  cyer  the  culvert  (loose  filled,  and  with  consolidated  sides)  as  above  described 
mo*erialiy  lightened  the  pressure  imposed  upon  the  culvert  by  the  embankment  material." 

The  weight  of  the  prism  of  soil  over  fhe  culvert  was  6400  plf ,  In  the  first  experiment,  the  average  measured  load 
was  11,500  plf.  Inverted  arch  oction  Increosed  the  toad  on  the  structure  in  this  experiment  by  about  80  percent.  When 
the  special  method  of  construction,  (later  colled  tl^e  imfierfect  ditch  method)  was  employed,  the  measured  load  was  reduced 
to  7200  plf  indicoting  that  the  inverted  arch  action  hod  been  practically  eliminated.  It  is  probable  that  the  load  would 
hove  been  further  reduced,  if  the  imperfect  trench  could  hove  been  held  to  the  some  width  as  that  of  the  culvert. 

Later,  in  1951,  Schtick  published  the  results  of  load  experiments  on  three  rigid  pipe  culverts  (2  concrete  and 
I  cast  iron)  in  which  the  imperfect  ditch  method  of  construction  was  employed,  with  values  of  the  projection  ratio,  p', 
equal  to  0,25,  0.5  and  0.75.  These  pipes  were  ,3.5  and  3.67  ft,  in  outside  diameter,  and  the  height  of  fill,  a  sandy 
loam  top  soil,  weighing  1 16  pcf,  was  15  feet  obove  the  top  of  the  structure.  Settlements  of  the  various  elements  which 
constitute  the  settlement  ratio  were  measured  in  these  experiments. 

Severol  yeors  earlier  the  author  hod  developed  the  theory  of  loads  on  negative  projecting  and  imperfect  ditch 
conduits  as  given  above  on  Pages  537  to  540.  Schlick  compared  his  measured  loads  with  loads  calculated  by  this  theory, 
as  indicated  in  Table  4, 
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TABLE  4 

COMPARISON  OF  MEASURED  AND  CALCULATED  LOADS 
IMPERFECT  DITCH  CONDUITS 


Culvert  A 

Culvert  B 

Culvert  C 

(Concrete) 

(Cast  Iron) 

(Concrete) 

p'  =  0.25 

p'  =  0.5 

p'  =  0.75 

Measured 

4610  pif 

3200  pIf 

2660  pif 

Calculated 

5290  pIf 

4550  pif 

3900  pif 

The  comparison  indicates  that  the  measured  loads  were  less  than  the  calculated  loads,  although  they  were  of  the 
same  order  of  magnitude.  In  other  words  the  arch  support  developed  by  this  method  of  construction  was  somewhat  greater 
than  that  indicated  by  the  theory;  as  much  os  50  percent  greater  in  the  case  where  p'  =  0.75. 

As  stated  on  Page  504 ,  Marston  suggested  that  straw,  hoy  or  cornstalks  might  be  incorporated  in  the  imperfect 
ditch  backfill  to  augment  the  compressibility  of  this  material.  This  idea  was  accepted  very  slowly  at  first  by  the  engineering 
profession,  but  has  gained  in  popularity  in  recent  years.  The  first  use  of  such  material  cf  which  the  author  has  knowledge, 
was  in  conrujction  with  a  project  in  Atlanta,  Georgia. 

Thn  City  of  Atlanta  hod  constructed  the  Proctor  Creek  Sewer,  a  48  inch  reinforced  concrete  interceptor,  in  1937. 
The  depth  of  cover  ranged  from  17  to  35  feet.  Later,  in  1955,  it  was  proposed  to  fill  the  area  to  an  elevation  which  would 
increase  the  cover  to  a  rruximum  of  95.5  feet  above  the  top  of  the  pipe.  Rather  than  re-construct  the  sewer  with  stronger 
pipe  to  carry  the  additional  load,  the  City  elected  to  employ 


the  principles  of  the  imperfect  ditch  method  to  protect  the 
existing  sewer. 

The  general  plan  was  to  excavate  a  ditch  directly 
above  the  pipeline,  to  a  depth  of  15  feet  and  to  a  width  of 
4.75  feet,  which  is  the  outside  diameter  of  the  pipe.  This 
ditch  was  refilled  with  alternate  layers  of  soil  and  tree 
leaves  or  pine  straw  up  to  the  ground  surfoce.  Then  as  the 
fill  above  was  placed  and  compacted,  additional  trenches 
were  excavated  in  10  to  15  ft.  lifts  of  the  soil.  These 
trenches  were  about  5  ft.  deep  and  4.75  ft.  wide  and  were 
also  centered  over  the  pipeline.  After  excavation,  the 
trenches  were  refilled  with  loose  soil  before  the  next  lift  of 
the  embankment  was  constructed.  The  diagram  in  Figure  15 
illustrates  the  plan,  and  the  photograph  in  Figure  16  was 
taken  during  construction. 

The  pipeline  was  inspected  a  number  of  times  during 
and  after  construction  of  the  added  height  of  fill  and  was 
found  to  be  in  good  condition.  There  was  no  evidence  of 
increased  load  on  the  pipe  and  it  is  still  functioning  satis¬ 
factorily.  Apparently  sufficient  arch  action  and  arch  support 
were  mobilized  to  protect  the  sewer  from  the  greatly 
increased  weight  of  soil  added  above  the  line  (approximately. 
17  tons  per  lineal  foot  of  pipe). 

The  California  Division  of  Highways  has  developed 
a  method  of  protecting  highway  culverts  under  high  earth 
fills  by  using  baled  straw  to  obtain  a  modified  form  of 
imperfect  ditch  construction.  After  a  pipeline  is  instolled, 
backfilling  is  completed  adjacent  and  up  to  the  top  of  the 
pipe.  Then  bales  of  straw  are  placed  over  the  line  to  form 
a  layer  whose  width  is  equal  to  the  outside  diameter  of  the 
pipe.  Soil  is  placed  and  compacted  up  to  the  top  of  the 
boles,  after  which  the  wires  are  cut  and  another  layer  of 
bales  installed.  Again  the  soil  is  compacted  up  to  the  top 
and  the  wires  cut.  This  process  is  repeated  until  the  desired 
depth  of  "imperfect  ditch"  is  obtained.  The  the  embankment 
is  completed  In  the  normal  manner.  A  photograph  of  this 
procedure  is  shown  in  Figure  17. 
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Fig.  15  Imperfect  Ditch  Method  of  Coristructing 
Additional  Fill  over  Proctor  Creek  Sewer, 
Atlanta,  Georgia 
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Comparisons  between  distortion  of  the 
pipes  in  three  culverts  installed  with  baled  straw  as 
descirbed  above,  and  three  culverts  in  the  some 
county  without  straw  are  shown  in  Figure  18.  These 
measurements  indicate  a  substantial  development  of 
arch  support  and  protection  ogainst  embankment 
load  by  the  baled  straw  treatment. 

A  number  of  additional  imperfect  ditch 
installations  could  be  cited,  some  in  which  nothing 
but  loose  soil  was  used  as  trench  backfill  and  others 
in  which  organic  material  was  added  to  enhance  the 
compressibility  of  the  trench  backfill .  In  all  cases 
the  procedure  has  successfully  protected  the  pipes 
against  excessive  loads  due  to  high  fills.  Figure  19 
shows  an  imperfect  ditch  over  a  culvert  being 
partially  filled  with  sawdust  on  a  highway  project 
in  Texas.  In  Figure  20,  baled  straw  is  placed  at 
the  bottom  of  an  imperfect  ditch  in  Michigan. 

It  is  the  author's  conclusion  that  theory, 
experimental  evidence  and  successful  practical 
experience,  all  indicate  that  the  imperfect  ditch 
method  of  construction  is  effective  in  substantially 
reducing  static  earth  loads  on  underground  struc¬ 
tures  by  inducing  the  development  of  arch  action 
and  arch  support  in  the  overlying  soil.  It  is  his 
belief  that  this  method,  or  modifications  thereof, 
will  prove  effective  in  reducing  the  load  trans¬ 
mitted  to  such  structures  from  dynamic  or  shock 
loads  applied  at  the  ground  surface.  Also, 
modifications  of  the  method  probably  can  be 
devised  to  protect  structures  from  lateral  shock 
loads.  A  great  deal  of  experimental  work  will 
be  required  to  demonstrate  or  prove  the  validity 
of  this  hypothesis. 


Fig.  16  Placing  Loose  Soil  over  a  Layer  of 
Leaves,  Atlanto,  Georgia 


Fig.  17  Soil  Compacted  Against  Boled  Straw  to  Create 
an  Imperfect  Ditch  -  California 


Fig.  16  Distortion  of  Humboldt  County, 
Californio,  Pipe  Culverts 
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Fig.  20  Baled  Straw  in  Imperfect  Ditch 
Construction,  Michigan 
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by 

Ralph  H.  Sievers,  jt.* 


INTRODUCl:ON 

Prediction  of  soil-structure  interaction  is  essential  to  -fficient  and  odequote  design  of  nuclear  warfore  protective 
construction.  Test  structures  hove  been  exposed  to  the  immense  loods  of  nuclear  blasts  and  theories  exist  to  explain  the 
actions  which  caused  or  prevented  failure  of  these  structures.  Laboratory  tests  with  static  and  dynamic  loodings  provide 
some  experimerttol  verification  of  these  theories;  however  critical  assumptions  which  ore  used  to  predict  sidewoll  loodin^, 
moss  of  eorth  responding  with  the  structure,  and  "arching"  of  earth  over  the  structure  hove  inadequate  experinental  veri¬ 
fication.  This  paper  presents  procedures  used  to  obtain  soil-structure  response  characteristics  of  ac^Jal  buried  protective 
structures  by  non-destructive  testing.  These  procedures  rould  be  employed  to  test  full-size  structures  to  verify  or  disprove 
theories  required  for  effective  shelter  design. 

This  project  (I)  was  an  extension  of  nuclear  weapons  effects  studies  conducted  through  1958  by  exposure  of  proto¬ 
type  protective  structures  to  actual  rHJclear  detonatiorK.  These  structures  were  not  always  adequately  located  or  success¬ 
fully  irtstrumented  to  provide  time-histories  of  dyrsmic  response,  nor  were  measurements  mode  to  specifically  prove  or 
disprove  response  theories  which  were  simultaneously  being  developed.  The  conclusion  of  aboveground  testing  lias  left 
many  undamaged  prototype  protective  structures  at  the  Nevcdo  Test  Site,  avoiloble  for  non-destructive  dynamic  testing. 

The  Defense  Atomic  Support  Agency  (DASA)  spjmored  a  project  at  the  US  Army  Engineer  Research  and  Development 
Laboratories  (ERDL),  Ft,  Belvoir,  Virgirtio,  to  study  the  mode  ar>d  period  of  dynamic  response  of  certain  of  these  structures. 
Principol  object  of  the  study  was  to  investigate  the  relative  significoiKe  of  flexural  and  compressive  modes  of  underground 
arch  type  structures . 

Theoretical  bases  of  the  study  wei  tfot 

1 .  The  resporae  of  a  structure  to  dynnmic  jlost-irsduced  loodings  is  lorgely  depetsdent  upon  the  stiffness  of  the 
structure  artd  the  moss  of  the  resp^mding  structural  elements  and  eorth  octing  with  them, 

2.  The  fundamentol  nx  de  of  vibration  of  o  buried  structure  is  opt  to  be  the  n.ode  in  which  principol  response  ond 
failure  to  nueieor  shock  loodings  takes  place. 

3.  Oeterminotion  of  the  hrndwnentol  mode  ond  period  of  response,  in  thot  the  period  of  this  vibration  is  determined 
by  stiffneu  ond  moss,  would  be  of  vital  irtiportofKv  in  predicting  the  response  of  the  structure  to  dynomic  loodir^  ond 
would  thereby  permit  more  rrficient  strrcturol  design. 

4.  Natural  modes  of  vibreti'in  of  o  structure  or  structural  element  ore  independent  of  the  meons  of  excitation,  or 
omplitude  of  vibration,  insofor  os  the  responding  mou  remoins  urKhortged  ortd  the  structural  elements  remoin  elastic. 
Therefore,  if  meosurements  ore  mode  » ith  odequote  sensitivity,  very  smoll  ompiitudes  of  vibration  moy  be  used  ond  exciting 
forces  need  only  be  o  smoH  fraction  v  the  safe  work  ing  food  of  the  structure. 

«OCIOU«6 

Procedures  hod  to  be  developed  end  tested  prior  to  cortductir^  tests  on  the  extremely  stiff  buried  strsrctures  to  be 
studied  ot  the  Nevodo  Test  Site,  ^ese  procedures  were  developed  through  triol  end  error  by  nort-destructive  testing  of 
structures  ond  structural  elcmerM*  vt  ortd  rteor  Fort  Belvoir.  Appropriele  sensors,  recordittg  equipment,  ond  meoiw  of 
miciting  the  structure  hod  to  be  selected,  t«ited,  ortd  proved  feasible. 

The  initioi  non-destructive  vibration  test  was  cortdueted  on  o  beam  forming  port  of  the  roof  support  system  of  o 
worehouse  type  building  (Figure  I).  Fifteen  hutrared  pounrb  of  Icod  brielis  on  o  pallet  were  lutoerided  to  provide  two 
point  looding  ond  o  reswitoni  initioi  deflecticn  of  the  boom.  The  weight  wos  opplied  by  raising  the  pollet  with  twm-bucklet 
ortd  wot  irotontswtoously  releeied  by  use  of  o  bomb  release.  Oyrtomic  measurements  of  resulting  vibratiorts  were  morle 
strain  gouges  ond  by  on  occeleronteter .  Good  results  were  obtoirted  in  thot  the  periods  of  vibration  of  the  lundomontol  ond 
first  three  hormonics  were  identified,  we  «  duplicoted  on  repooted  tests,  ond  opproximoted  the  computed  period^.  Use  of 
teod  weights  proved  to  be  improcticol  however  ond  subsoquont  tests  were  conducted  to  develop  light  equ ipmont  whidt  could 
impose  on  initioi  deflection  which  could  then  be  instontonswusly  released. 

CotKrete  ortd  steel  structures  of  vorying  sizes,  stiffness  ond  shapes  were  tested  in  the  feasibility  study.  One 
excitation  schome  rfeveioped  employed  wire  ropes  tightened  by  lurnlwchies,  ond  held  by  o  quick  reteose  (Figure  2).  This 
pennitted  two,  throe,  ond  four  point  looding  d  circulor  steel  structures  ortd  ioodittg  of  wch  ttructuros  os  pe«mift<!d  by 

*Mo|or,  USI^Offrce  ort^ief  of  Reseorch  ond  Development,  McLean^  Virginlo. 
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anchoring  ccspobilltios.  A  load  column  was  fabricoted  with 
a  scr«w  jack  to  apply  the  load  ond  thereby  the  required  de¬ 
flection,  ond  o  quick  release  to  provide  o  means  of  vibrating 
concrete  structures.  The  lood  column  permitted  two  point 
loading  of  circulor  structures  and  one  point  looding  of  rec¬ 
tangular,  orch  or  dome  roof  systems. 

Sensor  ottd  recording  equipment  was  selected  on  o 
basis  of  that  ovailoble  ot  ERDL  or  obtairwble  at  low  cost, 
^tch  type  strain  gouges  proved  to  be  impractical  <tae  to  the 
extremely  low  strains  created.  Vorioble  inductance  nnd 
piezoelectric  accelerometers  were  tried,  however  variable 
resistance  accelerometers  of  Ig  rattge  were  selected  ond 
purchased  for  the  field  t«t  program.  Recording  equipment 
with  three  kilocycle  carrier,  golvortometer  mirrored  light 
traces  and  film  speeds  of  up  to  fifty  irKhes  per  secortd  was 
ovoiloble  oitd  fully  suitable  for  the  test  progrom.  Ail  testing 
could  be  and  was  accomplished  by  three  project  persotwiel. 
Procedures  were  proof  tested  by  exciting  meosurable  vibra¬ 
tions  of  0  severr-foot  thick,  nitre-foot  spon  reir'orced  con¬ 
crete  slob  roof  of  a  gun  empiocement  mogozirte.  A  lood  of 
less  thon  two  tans  imposed  by  the  lood  column  provided  mea¬ 
surable  vibrations  when  the  load  was  reieosed.  As  the  stiff¬ 
ness  of  this  structure  for  exceeded  that  of  ony  of  the  Nevodo 
structures,  the  procedures  which  hod  been  d^eloped  were 
considered  to  be  odequate  for  the  field  test  progrom. 

TESTS  ON  THE  NEVADA  PROTECTIVE  STRUCTURES 

During  o  two-week  program  eleven  structures  were 
tested  under  thirty-one  differertt  mechonicol  excitation 
schemes  or  voriotioni  in  structural  eonditarv  ond  by  fourteen 
explosive  detanatlens.  One  hurrdred  eleven 
runs  with  three  occelerameters  employed  on 
eoch  were  put  on  record.  Structures  chosen 


Pig.  I  Initial  Nors-Destructive  Vibration  Test 


and  tested  were  on  obovegrourtd  6**  thick 
36*  rodius  reinforced  concrete  4So  dome;  on 
underground  reinfoiced  concrete  flat  slob 
prototype  duel-purpose  goroge  (Figure  31; 
two  semi-buried,  180^  orch,  2S'  span  corru- 
goted  steel  Novy  ommunition  mogosittes,  otM 
hovirsg  steel  orch  ribs  providing  odditionol 
support,  each  with  S‘  of  eorth  cover  over  the 
crown  of  the  orch|  two  8V  diometer,  circulor 
corrugated  steel  ond  two  8*  dioroeter  circular 
8”  thick  reinforced  cerscrete  shelters  with 
7-1/2*  of  earth  cover;  end  three  eerrugotod 
steel  "cottlepois*  structures  with  S,  7-1/2, 
orrd  10*  of  north  cover  respectively. 

Mechonicol  testlrtg  schemes  were 
employed  in  wi  effort  to  couse  meosurobie 
response  in  the  fondOmentel  ond  principal 
hennenic  nexurol  modes  of  vibtoticn.  Explo- 
sives  wore  used  to  provide  correiotian  or 
verificotion  of  the  mechonicolly-tnduced  re- 


“1^'  ?'  't?*  fl,.  2  IW  Wm  Uodkv  V  Au.l— 

to  thot  couted  by  the  nucleor  blost.  ine  ex-  - _ _ _ _ ,  -»-a  . 

plosive  charges  were  2-(/2  to  S  pounds  of  >10% 

dynamite  suspetsded  from  3  to  8  feet  obove  the  ground  surfoce  (Figure  4).  The  explosive  wos  generoliy  cerrtered  over  the 
test  structure;  however  tests  with  the  concrete  dome  and  one  test  with  three  different  ewiverts  instrumented  were  run  with 
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Fig  3  T«st  in  DuoUPurpoM  Go^og*  Load  Column  and  One 
Accelerometer  Shown 


Fig.  4  Five  Poundi  of  Dyiwmite  Over  o  Corrugoted  Steel 
Arch  Structure 


the  eKploiive  ditploced  KX)  feet  from  the  structure.  The  expletive  tests  provided  o  low  level  oir-induced  ground  shock 
creoting  meosuroble  vibrations  in  the  structures.  The  remote  chorocter  of  the  test  site  would  hove  permitted  oil  runt  to  hove 
beem  mode  with  high  expletives,  however  it  wos  desirobie  to  field  test  the  mechonicol  excitation  procedure  ond  it  wot 
important  to  detarmirte  the  relotive  significance  of  the  flexural  ond  comprettive  modes  of  vibrotion.  Mechonicolly  deforming 
the  structure  into  its  fundomentai  flexurol  mode  prior  to  inttantaneoui  release  of  this  deformotion  should  hove  provided  the 
^eotest  opportunity  for  identifying  and  meoturirsg  the  choroctarittlcs  of  this  mode 

NEVADA  TEST  RESULTS 

The  moti  significont  results  were  obtairsed  in  the  tests  of  the  180^  corrugotad  steel  orch  tirsrcSiires  Periodk  meo* 
sured  from  the  test  recordk  ore  given  in  Toble  I  Port  of  the  record  for  one  test  ntn  it  shown  in  Figure  5.  The  tests  showed 
the  dominance  of  the  compreuive  mode  of  vibrotion.  even  when  the  structure  wos  deflected  into  its  fundameotal  flexurol 
mode  (Figure  6) .  The  explosive  tests  go-  >  dose  correlotion  of  these  results  The  arch  rib  reinforced  strswture  hod  on 
overoge  period  of  62  ms  (milliseconds)  Ok.<olrsed  from  mechonicol  excitation  ond  66  ms  obtairsed  hem  the  explosive  run. 

The  unreinforced  structure  hod  on  overoge  period  of  69  ms  obtained  seperotely  front  the  rt«echonico)  ond  explosive  rs#ro 

The  period  of  vibrotion  in  the  compressive  mode  of  on  exposed  ottM  strsreture  may  be  toktn  oi  the  circumference 
divided  by  the  velocity  of  soursd  in  the  moterioi  On  this  bosH  eoch  of  the  orch  structures  would  hove  hod  opproximetaly 
the  some  period  in  the  compressive  mode,  neglectitsg  orsy  effect  of  the  eorth  bockftH  in  the  flexurol  merle  the  16  to  I 
ratio  of  ttifhieti  between  the  rib  reinforced  oisd  wnreinforeed  structures  would  hove  couied  opproximetaly  I  to  4  rotio 
in  the  respective  periods  of  the  exposed  structann  luriol  of  the  strsMrtsrrsn  should  couce  the  period  to  very  hem  ihe  exposed 
volue  os  the  sguore  root  of  the  rotio  of  the  mMS  of  structure  end  eonh  responding  with  it  ta  the  moss  rtf  the  vibtMitsg  structure 
itself  iy  these  considerotions  the  perirtd  of  the  unreinforced  structure  should  hove  been  olmeit  five  times  lotger  then  that 
of  the  ribbed  structure  in  the  flexurol  modes,  while  only  20%  greeter  in  the  respective  compressive  modes.  Thb  mIcuIck* 
tion.  the  closenuM  of  the  measured  periorb  of  the  two  types  of  structures  end  comporHen  of  computed  periods  with  those 
measured  indicoted  thot  the  periods  measured  were  these  of  the  compressive  mode  The  moss  of  eorth  vibrating  with  the 
structure  could  olso  be  colculoted,  by  compering  meosured  periodk  with  those  computed  for  the  cose  in  which  ordy  the  moss 
of  eorth  vertically  olorsg  the  strsKiure  resporrded  with  it.  For  the  reinforced  Structure,  o  reoss  of  soil  opproximataly  2.2 
times  the  moss  of  thot  immediotaiy  over  the  sHucture  opporerstly  vibrotad  with  the  structure.  For  the  ribbed  structure  this 
rotio  wos  3. 3 
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!v«$ults  witK  the  smotier  steel  and  con¬ 
crete  structures  did  not  provide  os  close  correlo- 
t'on  os  did  those  For  the  orch  structures.  Oomping 
wos  measured  For  both  mechanically  and  explo¬ 
sively  induced  vibrations  in  the  steel  culvert  sec¬ 
tions.  An  averoge  logorithmic  decrement  oF 
damping  For  the  mechonicol  runs  was  Ln  1. 2S, 
i  e.  .  the  amplitude  oF  eoch  cycle  was  1.25  times 
that  oF  the  following  cycle.  Greater  domping 
wos  evident  in  the  explosive  rura.  The  tests  ir>di- 
coted  that  For  ihe  8'  diameter  circul  or  corrugoted 
steel  sectiorw  with  7-1/2'  eorth  cover  over  tne  crown, 
o  moss  of  eorth  opproximotely  equal  to  that  verti- 
colly  obove  the  structure  responded  with  it  in  the 
compressive  mode  . 

Test  nrocedures  proved  odequote  in  that 
measurable  vibrations  were  induced  by  mechani- 
col  meora  ir.  all  the  undergrourtd  structures  studied 
The  recording  procedure  gave  traces  on  high¬ 
speed  Film  which  could  be  onolyzed  b;  ciirect 
meosurement.  This  Film  wos  developed  during 
the  test  program  to  l^ure  odequocy  of  collec¬ 
ted  doto.  The  results  obtaine-«,  princioolly 
those  From  the  *etts  of  tt>e  orch  structures, 
were  employed  to  ouist  development  oF  a  syster^  of 
Field  oroductive  construction  (2). 

APPLICATION  OF  PROCEDURES 

The  procedures  ond  equipment  employed  met  the  requiremerts  For  the  speciFic  tests  conducted  No  signiFicont 
errors  ore  thought  to  hove  been  introduced  by  the  rneosuremint  ortd  recordirsg  equipment  itsvIF.  This  wot  determined  by 
leporote  tests  oF  tlie  signiFicoisse  oF  the  mturol  FrequeiKy  of  the  occelerometer  ittelF;  dacspmg  oF  occeierometcr;  the 
natural  Frequency  oF  the  occeleremctcr  mount  in  the  various  conFigurotiora  employed;  lineority  ond  hysteresis  oF  respomt; 
voriotl«n  in  the  time  storsJord  superimposed  on  the  recording  Film;  ond  occelerometef  coiibration  The  mechonicai  equip¬ 
ment  used  to  indv'Ce  vibrution  d'ccld  l-ove  hod  no  signiFicani  eFFect  on  the  sdasequont  vibrations,  however  the  weight  of 
the  mon  optratirtg  the  equipment  ond  vhindtng  in  the  structure  moy  hove  inFlueiKed  some  oF  the  results  of  (he  tmoM 
corrugated  steel  structures 

Test  equipment  For  Future  worh  mny  employ  simiior  meoiu  oF  exciting  the  structure,  however  some  t^r^et  could 
be  mtidt  In  the  Insirameniation  ond  recording  equipment  H  excSiotien  is  to  be  solely  by  mechonicol  meoro,  more  sernitive 
occeleromettrs  would  be  desiroble  Tho*e  used  were  *  Ig  rortge  ortd  less  (hun  10%  oF  this  rorge  wos  ixtrau^lly  used  i-n  the 
mechonicol  runs  A  recording  OKiMogroph  with  Tilm  speed  oF  5  to  H)  trrehes  per  second  should  be  odequote  For  most  under- 
grourtd  iiniclwret.  When  Feeiible.  explosive  excitetien  drawld  be  used  Minimum  chorge  site  wos  not  studied  in  the  Nevodo 
tests  Put  ru  suln  indieoted  ihoi  chorgei  of  one  peurtd  or  less  detenoted  in  the  oir  obove  the  iirucivre  could  hove  provided 
hilly  meosuroble  response  The  equipment  for  ony  tmt  progrom  must  be  tailored  *o  the  obiectives  ond  meosurementi  souj^t 
to  meet  those  pbiectives. 

CONCLUSIONS 

for  voriOM  reesens  trte  reivlH  ebteirted  in  (he  test  progrom  described  oo  rsot  enswet  boiic  qsiesiions  of  soil- 
ilrvctsiTc  inicrectien  Some  of  these  ore  due  to  limiiotions  of  meoiurement  mode  o<td  limited  site  nf  sompte  artd  woriety 
oF  structures  stsidied  These  deFiciencies  could  be  oddressedby  fuq>r«  simiior  r«an-desitwctirc  testing  Another  restriction 
to  volidity  It  that  (he  nature  oF  the  soil  tsMtownding  the  strvctiite  moy,  ond  probobty  does,  hove  IH  prsoerties  chonged 
under  the  nuclow  dtodi  Sooding  The  non-destructive  tests  discuised  he«e  do  not  simulote  conditions  where  the  foursdottons 
oF  the  situcture  ore  being  permonentiy  diipler«d  or  the  «ho»  copoetty  oF  (he  -.oil  is  being  tempotorily  increased  due  to 
increese  in  cenFining  pteMwros.  Hewertr  the  princiool  modes  of  response  moy  be  ideruiFied  by  such  h»H.  (he  relotive 
signiFiconce  of  different  modes  con  be  exomirted.  ond  irrdicotiom  of  >e«l  reiper«r>  in  conjurKtion  with  the  structure  con  be 
studied. 


Fig.  6  Lood  Column  in  Corrugoted  Stee’  Arch  Structures 
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The  procedures  illustroted  here  can  be  emoloyed  to  assist  in  the  verification  of  theories  of  reaction  to  dynamic 
loads  of  underground,  oivJ  aboveground,  structures  Structures  such  as  shelters,  subways,  bridges  and  multistoried  buildings, 
excited  by  simple  mechanical  means,  traffic,  or  winu  con  be  examined  without  nucleor  testing.  Such  studies  con  greatly 
increase  our  present  capabilities  for  effective  structural  design  for  the  dyrsomic  loodings  of  nuclear  de^onotions  and  naturol 
forces  of  wind,  wav  1.  and  eorth'quolce . 
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THE  DtSlGN  OF  BURIfD  ARCHfS  TO  RESIST  BLAST  LOADS 

by  '  ‘ 

WilliamJ.  Ficthau*  ond  Richard  A,  Sager** 

SYNOPSIS 

It  hos  ioi)g  been  known  thot  certain  types  of  buried  structures  interccting  with  the  surrounaTng  soil  medium  ore  very 
efficient  in  resisting  loocis.  During  fuli  scole  weapons  tests,  it  has  been  shown  that  buried  orches  ore  very  efficient 
structural  types  to  resist  moderate  and  high  overpressures.  For  such  strv'ctures  it  is  first  necessary  to  desigri  the  struc.ure  to 
resist  dead  loads  using  curr^rit  allowable  design  stresses.  The  structure  is  then  designed  to  resist  the  dyrwtnic  blast  tcrods. 

Equations  were  developed  for  determin!i-,a  the  reactions  resulting  ‘rom  dead  loads,  i.e  >  earth  covei,  concrete,  and 
temperature  changes,  ot  any  section  for  a  two-hinged  buried,  semicircular  arch  of  uniferm  cross  section.  These  equations 
were  plotted  and  presented  os  figures. 

The  equivalent  surcharge  loading  method  for  dtsigni?^  against  blast  loods  is  presented.  Two  general  solutions,  i.e, , 
the  threshold  method  and  upper  bouno  method,  ore  presented  for  the  cose  where  c  structure  is  located  above  and  below  the 
ground  woter  table  respectively .  Example  calculations  ore  included. 

Coicuintions  to  determine  the  overpressures  th^t  should  cause  failure  to  various  sizes  of  orch  structures  were  made  and 
summarized  in  the  form  of  converrieiit  graphs  One  groph  rdlotes  arch  thick'tess  with  spon  to  overpressure  for  structures 
located  obove  and  the  other  pertains  to  strucrures  located  below  the  ground  water  table. 

INTRODUCTION 

With  the  advent  of  nuclear  weapons,  uriderground  stn^ctures  bocafne  c  necessity  in  the  field  of  protective  construc;\on 
Full-scale  tesh.  have  shown  that  for  underground  protective  construction  the  arch-type  structures  is  one  of  the  most  effi¬ 
cient  and  economical  in  the  moderate  ond  high  overpressure  regions. 

Since  data  presently  available  do  not  reveal  exactly  how  air-induced  ground  shock  is  tron-smitted  through  soil  or 
whot  effect  various  tails  hove  in  otfenuoting  such  shock,  the  actual  looding  of  burled  structures  is  not  known  with  certainty, 
Therefore,  for  design  purposes,  it  is  necessary  to  ossume  certaiisT coding  conditonj.  Once  the  shape  and  mognitude  of  this 
load  are  assumed,  the  actual  structara I  design  is  relatively  stroightforword.  However,  shock  is  only  one  important  nuclear 
effect  to  consider  in  the  design  of  protective  installations;  the  other  is  nuclear  radiotion.  Provision  for  sufficient  shielding 
against  nuclear  rodiation  must  be  considered  os  a  part  of  the  design.  However,  the  design  of  structures  to  resist  nuclear 
radiation  is  not  included  in  this  paper. 

Before  designing  any  structure  cigoinst  dynamic  loods,  it  is  first  iirtportant  to  design  the  struutuie  to  resist  deed  loads 
using  current  allowable  design  stresses.  The  structure  is  then  designed  or  eyosuoteH  tc  deteimine  its  resistance  to  dynamic 
loads  (blast  loads)  using  the  dynamic  strength  properties  of  the  construction  materials.  Therefore,  procedures  for  both  dead 
and  dynamic  loads  are  presented  for  the  design  of  buried,  reinforced-concrete  two-hiriged  barrel  orches.  The  design  of  the 
associated  footings,  end-walls,  and  entracewoys  have  not  been  included  in  this  poper. 

DEAD  LOAD  DESIGN  METHODS 

Equations  were  derived  using  the  principal  of  virtual  work  for  determining  the  reactions  resulting  from  dead  loads, 
i.e  ,  earth-cover,  concrete,  and  temperature  changes,  at  any  section  for  a  two-hinged  buried,  semicircular  arch  of 
uniforr\.  cross  section.  The  derived  equations  for  reactions  at  the  springing  line  and  at  any  location  on  the  arch  are  summar¬ 
ized,  respectively,  in  Tables  I  and  2  for  a  two-hinged  arch.  In  oddition,  a  program  for  the  various  equations  was  written 
a.id  processed  in  on  IBM  650  computer  to  derive  the  design  charts  shown  in  Figures  I  through  9.  These  charts  make  it 
possible  to  compute  rapidly  the  reactions  caused  by  dead  loads  ot  any  section  around  a  two-hinged  arch. 


*Chlef,  Structural  dynamics  Section,  Corps  of  Engineers,  U  S  Army  Engineer  Waterways  Experiment  Station,  Vicksburg, 
Mississippi. 

“Project  Engineer,  Structural  Dynamics  Section,  Corps  of  Engineers,  U  S. Army  Engineer  Waterways  Experiment  Station, 
Vicksbutg,  Mississippi. 
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SOIL-STRUCTURE  INTERACTION 


Fig.  I  Thrust  (T)  Doe  To  Earth  Loads  For  A  Hinged  Arch 
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See  Figure  1  for  list 
of  terms 


Fig.  2  Shear  (S)  Due  To  Earth  Loads  For  A  Hinged  Arch 
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See  Figuie  1  for  list 
of  terms 

W3SITIVE  <♦»  MOMENT  CAUSES 
tension  in  THE  OuTtfi  FlBEA 


Fig.  3  Moment  (M)  Due  To  Earth  Loads  For  A  Hinged  Arch 


SOIL-STRUCTURE  INTERACTION 


See  Figure  4  for  list 
of  terms 


Fig.  5  Shear  (S)  Due  To  Deed  Lood  Of  Concrete  For  A  Hirtged  Arch 
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Fig.  6  Moment  (M)  Due  To  Dead  Load  Of  Concrete  For  A  Hinged  Arch 
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Fig.  7  Thruit  (T)  Due  To  Temperature  Change  {  AF°)  For  A  Hinged  Arch 
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See  f'lBure  7  for  U^t 
of  tcmii 


Fig.  8  Shear  (S)  Due  To  Temperature  Chonge  (AF®)  For  A  Hinged  Arch 


SOH-STRUCTURE  INTERACTION 


Fig.  9  Moment  (M)  0u«  To  Tomporaturo  Chong*  (  For  A  Hinged  Arch 

Eorth  Loodi 

RTBi*  derlwtion  of  the  vorioo*  re.ictior«  restuiting  from  earth  toodi,  it  wot  osMmed  that  the  total  vertieol  eorth 
loodj^  7*  **''•**  'y  ^  '♦  '*'«  o>*o  fhot  the  loterol  toil  preitur*  wot  tom* 

«k  riL  ^  developed  for  on  orch  having  o  depth  of  cover  over  the  crown  equol  to  one-holf  the  rodiut  of 

the  orch,  by  uting  the  oppropriote  equotioit  thown  in  Tobl*  2. 


Concrete  Lood 

«  .  K  ^  comblnotiont  of  orch  ihickneu,  orch  rodiut,  ond  unit  weight  of  concrete 


Temperoture  Chortget 

““A  uoJibrm  Chong*  in  temperature  w.ii  ottumed  to  rnritt  ocroit  o  lection  through  the  orch  ring  to  determine  the  reoctiom 

coui*^  ten^tur*  chor^.  FIguret  7  through  9  detcribing  thrutt.  theor,  ond  moment,  retpeolvely.  were  prepored  by 
uting  the  opprapriot*  equotiont  shown  in  Tobl*  2.  ^  preporwo  oy 


DYNAMIC  LOAD  CONSIDERATIONS 

Aitumptiont 

_  J"  there  on  two  moin  oiM>mptiont  regording  tramient  lood  dittribution  on  o  buried  orch.  The  fiitt  b  fhot 

o«h  turfbe*  it  uniform  otd  octt  rodiolly  inword,  reciting  in  comprettion  of  the  orch  ring.  The  other 

*^**'^'  ‘‘  •»»  over  the  Hirfae*  of  the  orch.  retulting  in  o  com- 

binotion  of  ^ding  ond  comprettion  of  the  orch  ring.  It  it  generally  ottumed  olto  Ihot  on  orch  will  foil  either  in  o  com- 
^Iv*  or  floKurol  mod*  depending  upon  the  direction  of  the  oirblott  wove  with  retpect  to  the  long  ok  It  of  the  structure. 
^  (^rground  orchet,  it  is  telieved  thot  the  buttretting  oction  of  the  odfocent  toil  IlmIfi  flexural  foHuro;  therefor*. 

^  ^  "0»  t^mpoHont  for  underground  ot  for  oboveground  ttructurot.  Thh  phenomenon 

wot  obterved  for  orchet  tetted  In  Project  3. 1  of  Operotion  PIUMBIOB.  ^ 
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Soil  CondiHom 

It  It  bolioved  that  the  rettroining  oction  of  the  soil  it  some  function  of  the  toil  type  os  well  os  the  moisture  content 
of  the  toil.  Also,  it  it  reasonable  to  assume  that  the  response  of  o  buried  structure  locot^  beiteoth  the  grourtd-water  table 
will  be  different  than  if  it  were  above  the  water  table. 


Structurol  Properties 

In  dealing  ^th  the  response  of  stnictures  to  dyrwmic  loodt,  there  ore  more  parameters  requiring  consideration  thon 
for  ordinary  static  loads.  For  instarKe,  under  transient-blast  loodt  it  is  possible  to  allow  a  structure  to  yield  into  the 
plastic  range  of  response  thus  pemnitting  a  great  deal  of  erMrgy  to  be  obiwbed.  Also  under  rapidly  opplied  dyrwmic  loods 
the  yield  strer^gths  of  corwrete  and  steel  tend  to  increase  and  con  be  oppreciobly  greater  than  the  static  yield  strertgths. 
Under  combined  stress  cortditions  coused  by  moment  and  axial  thrust,  the  combination  of  moment  ortd  thrast  caused  by  static 
loads  that  will  produce  yield  stresses  for  o  particular  input-loading  geometry  most  be  determined. 

In  addition,  o  dynomic  load  foctor  (DLF)  and  o  ductility  factor  (  ft  )  must  be  determined  for  transient  response. 

The  DLF  relates  a  static  load  to  on  equivoleni  dyrwmic  load  thot  will  cause  the  some  resportse  to  the  structural  system  as 
the  static  load.  The  ductility  factor  relates  the  deflection  of  the  structure  at  yield  to  the  deflection  at  foilure. 

Blast  Loads 

The  peak  ground  surface  air  overpreoure  (P^  resulting  from  the  detonation  of  o  nucleor  weapon  is  some  furwtion 
of  the  weapon  size  and  the  distorwe  from  ground  zero  (3).  The  duration  time  (tj)  is  some  function  of  pressure  and  weapon 
size.  The  variation  in  ground  surface  air  overpressures  with  horizontal  distance  for  two  weapon  sizes  is  shown  in  Figure  12. 
Also  shown  in  the  figure  is  o  typicol  sketch  of  on  oir  blast  wave.  Ihe  pressure  decoy  is  expoiwntial  with  the  positive  phase 
duration  of  the  blast  wave  ending  at  time  "t^.”  Since  o  peak  triangular  input  force  is  used  in  the  dyrwmic  orwlysis  (see 
Figure  1 1),  on  effective  duration  (t,)  is  sued  to  equate  the  octuol  force  pulse  to  an  equivolent  triangular  force  pulse.  An 
expression  (5)  was  developed  relating  the  wiation  of  effective  duration  time  with  pressure  and  is  slwwn  in  Figure  13  for 
two  weapon  sizes. 

Interaction  Diogram 

A  dlmereionlMS  interoction  diagram  relating  interrwl  moment  artd  thrust  for  contorcnion  members  subjected  to  both 
bertding  end  direct  stress  was  developed  and  is  shown  in  Figure  K).  The  diagram  was  constructed  for  the  geometry  shown  in 
the  typical  section  and  was  selected  for  several  reasons:  (o)  the  volue  of  "G**  of  0. 7  results  in  precticol  dimensions  pro- 
vidirtg  sufficient  concrete  cover  over  the  steel  for  most  coms  ond  (b)  the  percentage  of  steel  of  I  percent  provides  e  suffi¬ 
cient  section  for  beitding  action. 
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Fig.  10  Dimensionless  Interaction  Diogrom  For  Moment  and  Axial  Thrust 
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DESIGN  AND  PROTOTYPE  STUDIES 


It  should  be  noted  thot  in  moking  the  colculotions  to  construct  the  interoction  diogrom,  the  concrete  area  disploced 
by  the  presence  of  reinforcing  steel  was  neglected  for  the  purpose  of  simplifying  the  colculotions.  This  omission  results  in 
on  error  less  than  2  percent  and  is  considered  negligible. 

The  yield  curve  was  prepared  for  various  combirKtions  of  moment  and  thrust  that  caused  yield  stresses  to  occur.  The 
ultimate  curve  was  determined  for  combinotions  of  moment  ond  thrust  that  coused  ultiriwte  stresses  to  occur.  A  third  curve 
wos  drown  which  is  the  overage  of  the  other  two.  It  is  useful  when  on  elosto-plostic  response  is  ossumed  for  structural 
onolysis  purposes.  The  portion  of  the  curve  where  terssile  orsd  compressive  failure  occur  ore  marked  on  the  figure. 


Dyrwmic  Response 

In  determinirsg  the  dyrwmic  response  of  o  structure  it  is  often  converseient  to  substitute  on  equivalent  sprirsg-moss 
system  for  the  structure  in  question.  Or.  N.  M.  Newrrwrk  hos  developed  a  response  chort  (4)  for  o  single-degree  of  free¬ 
dom,  spring-moss  system,  having  on  elosto-plostic  resistortce  function  ortd  o  peak  triortgulor  force  pulse.  Thiii  chort  is 
shown  in  Figure  II.  This  chart  mokes  it  possible  to  determirse  rapidly  the  ovepressure  lood  (P  )  thot  will  cause  the  some 
response  os  the  static  or  esistcrrce  lood  (P  ) .  It  is  therefore  opporent  thot  once  the  ratio  of  the  duration  time  (t  )  to 

the  natural  period  of  the  system  (T  )  is  ^  determined,  the  ratio  of  some  ultimote  deflection  (  S  )to  the  yield  deflection 
(8  )<  ond  the  static  resistorwe  (F^)  ore  determirred,  the  value  of  the  overpressure  load  (P  )  con  be  colculoted  readily. 


so 


DYNAMIC  LOAD  DESIGN  METHOD 


Equivolent  Surchorge  Loading 

In  this  metirod,  the  trorrsient  o.e^pressure  lood  is  corrsidered  os  on  e<|uivalerit  surchorge  of  soil.  It  is  osstmv^  thot 
o  buried  concrete  arch  will  fail  in  o  compression  regime  os  indicated  by  limited  field  tt>sts  (12).  As  bending  occurs  jnd 
the  arch  rirsg  deflects  outward,  o  possive  soil  resistance  develops  thot  drives  the  orch  into  o  compreuion  regime  of  response 
Equotiotss  essentially  the  some  os  th<»e  shown  in  Toble  2  for  eorth  loodi  were  ileveloped  for  predictirsg  reactions  ot  ony 
point  on  o  two-hinged  buried  orch  subjected  to  uverpressure  foods.  These  equotions  relate  pressure,  arch  radius,  ond  the 
horizontal  lood  factor  (K).  The  lood  factor,  K,  relates  horizontol  os  o  fuiKtion  of  vertical  pressure.  The  equotions  were 
used  to  develop  the  curves  shown  in  Figures  14  throjgh  16  for  a  two-hinged  orch  for  thrust,  sheor,  and  moment,  respectively 
In  general,  the  combination  of  moment  ortd  thrust  developed  at  a  criticoi  orch  section  (section  ot  which  the  combirwtion 

of  the  values  of  moment  ond  thrusr  develop  the  moximum  stress  corsdition  for  o  given  loodiisg)  wilt  depend  upon  the  volue 

of  K .  Since  it  it  ossumed  thot  o  buried  orch  subjected  to  overpressure  ioodt  will  foil  in  compression,  two  limiting  coses 
for  the  Equivalent  Surchorge  Looding  Method  were  selected  for  design  purposes.  The  minimum  cose  hereofter  colled  the 
threshold  method  wot  selected  ns  ssse  thot  would  result  in  combirKtion  of  moment  thrust  thot  would  drive  the  orch  to  foilure 
ot  the  threshold  of  the  compression  regime  of  foilure,  see  Figure  K).  The  moximum  ease  herwfter  coiled  the  upper  bouno 
mehtod  Is  selected  os  orse  thot  will  drive  the  orch  to  foilure  in  pure  thrxot. 

Threshold  hWthod.  The  thres.Hoid  condition  represents  o  specfoi  condsinotion  of  momerst  and  thrust  such  thot  the 
concrete  reaches  ultimote  stress  when  the  tensile  st»«l  reoches  yield  stress  oisd  is  shown  in  Figure  K>  or  me  point  where  the 
stroight  iiise  intersects  the  ultimate  interoction  diogrom  Since  on  equivolent  spring  moss  system  hoving  on  elosto-plostic 
response  os  shown  in  Figure  11  is  ossumed,  !t  is  convenient  to  use  the  overoge  interoction  dfogrom  of  Figure  10  for  computa¬ 
tions  The  geneiol  equotiorss  for  internal  moment  ond  thrust  ot  die  threshold  of  the  ctfnpress.'on  regime  ore  deteni'tned  from 
the  overoge  interaction  dfogrom  shown  in  Figure  K)  ore  os  follows: 

M,  «  0  Idiir  bt^  (I) 

T.  »  0  5l5f’  br  (2) 

I  c 

From  Figursn  14  ond  16  for  the  two-h«ngnd  orch,  it  is  svidmit  thot  the  criticoi  section  for  producirsg  the  .moiiimum 
fiber  stress  in  orch  resulting  from  o  combinolfon  of  thrust  ord  momen.  occurs  where  0  is  25^  At  thh  criticoi  section 
(0  ■  2S^,  thrust  is  iitdcpetsdeni  of  K;  th  rrefore,  o  gerterol  equotfon  for  c«tc«fsol  thrust  at  this  tectfois  con  be  written; 


T  »  1446  R 

9 


The  total  stotic  resislonct,  F  , 
lood  thrust  (T^j),  orsd  solving** 


for  the  two-hinged  orch  H  then  determined  by  eqwetir^  ecmotiom  2  ond  3,  oddirg  the  deed 

for  F  ; 

9 


F 

9 


0  5l5f‘  bt  -  T  ,, 
dc  dl 

- rwi — 


(4) 
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Th«  noturol  pcrioi!  of  vibration  of  tht  arch  for  the  oquivolent  surcharge  loodirsg  is  assumed  to  be  some  furKtion  of 
K  and  to  be  some  volue  between  thot  computed  for  on  orch  in  the  compression  mode  (T  )  and  that  for  the  flexural  mode 
(rp  of  on  equivolent  beam.  ^ 


where  (from  Reference  4)i 


42.500  ^ 


T  R 


(5) 


(6) 


TWO  It/) 


sec 


(7) 


T^  is  computed  occording  to  methodk  described  in  Reference  4  for  on  obove*ground  orch.  In  determining  T^  for  o  two-hinged 
arch,  the  effective  length  of  on  equivalent  beom  equoi  to  1/3  the  developed  lersgth  of  the  orch  is  otsMned.  This  lertgth 
has  been  selected  since  the  inflection  point  for  moment  occun  where  0  is  opproximotely  equoi  to  60^  (see  Figure  16).  The 
volue  "K"  is  determined  by  solvirtg  0  shown  in  Figure  16. 


M.  - 


M 


di 


j|)  is  determiised  by  usi;^  Figures 
Qt  the  critico)  section,  i.e  ,  where 


M.  ortd  P  ore  determined  from  Equotions  I  orsd  4  respectively.  .c4  ioon  motrsnt  (f/ 

3,' 6,  onj9  where  0  is  25®  After  0  is  determined,  enter  figure  one  f*r.^  ot  the  ^ . , .  _  ...  . . 

0  eqsMls  25®.  Since  the  orch  is  burieJ?  the  period  detemtined  uy  E  vntion  5  must  be  modified  to  include  the  effect  of 
eorth  cover  occording  to  the  followittg  expreuion: 


T* 

n 


{i 


n  m  (8) 

In  EqsMtion  8,  T^  is  determined  from  Equation  5.  whereas  is  the  moss  of  soiKrete  per  unit  length,  ond  m*  the  mou  of 
concrete  plus  the  moss  of  earth  cover  per  unit  lertgth . 

A  ductility  factor  (  M ),  i.e. ,  ratio  of  uitimoie  deflection  (  S  )  to  yield  deflection  (  £  ),  of  5  wm  determined 
for  use  with  the  threshold  method.  For  o  detoiled  expbnetion  see  Apps^ix  C  of  reference  7.  ^ 

Upper  fcwrtd  Method-  The  Upper  Bound  AAerhod  represents  the  upper  limit  for  the  equivolent  surehorge  loading. 

In  this  metliod  "R"  Is  nunTtericolly  equoi  to  utiity  resulting  in  e  uniform  inword  -odioi  loodiisg  aroursd  the  orch  surfece.  This 
resulH  in  the  some  looding  condition  os  described  In  Rdfef«xes4  ond  6,  os  the  uniform  conqvession  mode  Becouse 

of  the  brittle  type  failure  oseacioted  with  this  typi^  of  looding  the  intense!  thrust  (T.)  for  this  cose  was  determined  by  using 
the  yield  interoctlor  dtogrem  shjwn  in  Figure  10  ortd  is  es  feiiows; 


T,  .t  20f^bt 

The  total  extensol  thrvet  (T)  cowied  by  (he  oppiied  loodinp  .m-.f  (he  dedd  iood  thrust  (T^|)  con  be  writran  es  foildws: 


(9) 


T  «  144RP  »  T ..  ^ 

q  dl  (K)) 

The  total  dead  load  thrsiit  (T^)  is  determirsed  by  wtirtg  Figures  I.  4.  ond  7  the  tetoi  static  resittersce  (P  )  con  be  solved 

by  equoting  Equations  9  and  lb  os  the  iistemai  <f .)  and  cwtenml  thrust  (T)  must  be  equal  THercfare:  ^ 


I  2C»*.  bt.  T., 
dc  41 

I.MOX.WlirijPPI  ■  I  IWNOM 


(10 


The  natural  pariod  of  vibration  (T  )  far  art  arch  in  the  comaression  raghne  is  calcufaied  by  using  Equation  ?  Tha 
vahia  hit  tha  a®tiad  is  then  modified  tp  Include  the  effect  of  sell  cover  eccordirsg  to  tha  ioliewing  aquation; 


r  *  T 
e  e  1  «* 


(li) 


Tha  veluas  far  m  and  m*  aia  tha  same  as  dtesa  described  in  Equation  8  SiiKe  this  is  a  brittle  type  of  feihire  a  ductility 
factor  ( )  n^graatar  than  2  H  ueod  tot  this  method 

Example  ^ablam 

- R? . 


I  an  arch  having  o  rodiui  a4  B  it  ond  o  thichnest  of  4  in  is  selacted  Tha  strvxtura  is  than 
onaiyiad  to  determine  the  values  of  gtaund-surhsce,  aiV-overpreitute  tesulHng  from  bath  o  40  KT  and  «  20  MT ' 
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thot  wo(>!d  couM  failure  (collapse). 

Both  methods,  i.e. ,  threshold  orsd  upper 
bound,  for  the  equivalent  surcharge  type 
looding  ore  presented.  The  geometry 
for  the  orch  irtcluding  values  for  vorious 
design  porometers  ore  shown  in  Figure  17. 

Threshold  Method 

In  this  method  for  the  equivalent 
surcharge  looding  (see  Figures  14  through 
16),  it  is  ossumed  that  when  the  arch  is 
loaded  a  horizontal  lood  factor  (K)  is 
developed  that  will  couse  the  orch  to 
reoch  ultimote  stress  ot  the  threshold  of 
the  compression  regime  of  failure,  see 
Figure  K).  The  thrust  and  moment  due 
to  deod  loodi  ore  determined  first. 

Dead  lood  thrust  oisd  moment 

Determine  thrust  ond  moment 
due  to  deod  loads  ot  the  orch  section 
where  0  =  25^  (criticol  section  for  over> 
pressure  loodi).  By  using  the  oppropriote 
equotions  shown  in  Toble  2  or  the  con¬ 
venient  curves  shofwn  in  Figures  I  through 
9,  the  fallowing  values  were  determined: 

(13) 

Static  Overpressure  (P  ) 


An  expression  tar  static  over¬ 
pressure  is  ^saented  in  Iquotioi*.  4  oisd 
rewritten; 


-  O  SISr  ta-T, 
P  «  dc  d 

q  . . 


•66  9  psi/ft 


**  •  C.; 


.:«M«  •K'Cm* 


Determine  horizontal  lood  factor  (K) 


of  the  deed  lood  moment  (M  Equetion 
13)  ond  the  moment  due  ta  ttar  over¬ 
pressure  faed  (M) 

*  M  >  (15) 

Substitute  Equotion  I  into  Equation  15  then 


Fig.  13  Effactive  Outatfam  vt  Vorious  Atr-Overprotauros 
And  40  KT  Weopon 


M  •  0  W  P.  bt  -  M 
de  di 


However,  from  Figure  16, 


•  6700 1  - 


M  M  f 
m  q 


(ft  -  Wft) 


Substitute  Equation  16  into  17  ond  iohro  fa*^ 

(6,7|2-MjP(IOOO) 


120  7 


AMCLE  $  - DECBEr5 


DESIGN  AND  PROTOTYPE  STUDIES 


Determine  K  from  Figure  16: 


Fig.  16  Moment  (M)  Due  To  Ground-Surfoce-Air  Overpressure  (P^)  For  A  Hinged  Arch 
Natural  period  of  vibrotion  (T|^) 

Determine  the  natural  period  of  vibration  by  using  Equation  5  repeated  as  follows; 


From  Equation  6; 


From  Equation  7: 


T„.T,-(T,-VK 


'  '«,500  In 


sec 


=  70  msec 


{F 


rV 

-yr 


’  1800  F>/iec 

=  4.45  msec 


(20) 

(20 


(22) 


Substitute  19,  21,  and  22  into  20  and  solve  T  . 

n 

T^  =  70 -{70  -  4.45)  (0.86) 

=  13.6  msec 

Correct  the  value  of  T^  to  include  the  effect  of  earth  cover  (see  Equation  8). 


where:  m  = 
m'  = 


n  n  m 

2  2 

5C/g  Ibs-sec  /ft 
(0.7R-0.4t){R+t/2)  (b)(y^) 

g  ■^"’2  2  2  2 

356/g  Ibs-sec2/fr  +  50/g  Ibs-sec  /ft  =  406/g  ibs-sec  /ft 
2.87 


(23) 


(24) 


(25) 
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TWO-Ht»tGCO  AACm 


WHCflC  C  •  0.7 

■  Aj  a  piit 

9.0% 


skction  a-a 


ASSUMED  DC&GN  PAftAM£TCRS 
PC  SIGN  STRENGTHS:  STATIC  PTNAMIC 

4  •  OSO  PSI  >3115  PSi 

^  >  3000  PSI  4^  >  44J00  PSI 
T,  >20.000  PSi 
4,  >40.000  PSI 
C5>  3.o>i<;^ps. 
n  >  10 

UNIT  WEIGHTS! 

.  ISO  L6/fT» 

3^  >  100  lB/TT* 

OTHCA  VACUCS: 

H,  s  0  40 
BP.jas'r 

V  •  B.o  I  iir*  in/’ini't* 

Dimensions:  R  =  8  ft 
t  =  4  in. 
b  s  12  in. 


Fig.  17  Geometry  and  Design  Parameters  For  Example  Problem 


Therefore, 


r  =  13.6x2.87  =  39.0  msec 
n 


(26) 


Failure  Overpressure  (P^^) 

The  ground  surface  air-overpressure  (P  )  that  would  cause  structural  collapse  was  determined  for  two  weopon 
sizes,  i . e. ,  40  KT  and  20  MT. 


40  KT  Weapon 

Assume  P  =  67  psi 

From  Figu?e  13,  t  *  210  msec 

Therefore:  t  /V  *  =  210  _  e  4 

An  -39-  -  5.4 


from  Figure  II,  at  =  5,  P^^/P^ 

using  P  from  Equation  14  solve  P^^ 


i.O 


/ 


P  s  66.9  X  1.0  =  soy  67  psi  which  is  equol  to  the  assumed  value  and  is  therefore  the  required  pressure  resulting 
from  a  4<f1cT  weopon  to  cause  failure. 


DESIGN  AND  PROTOTYPE  STUDIES 


20  MT  Weapon 

Assume  P  =  59  psi 
so 

from  Figure  13,  =  1800  msec 

Therefore:  t  /T'  =  =  460 

e  n  39 

from  Figure  II  (extropolotion  necessary)  ot  S  /S  - 

P  /P  =  0.88  “  y 

so  q 

using  P^  from  Equation  14  solve  P  ^ 

PjQ  =  66. 9  X  0. 88  =  58. 8  psi  which  is  close  enough  to  the  ossumed  value  of  59  psi  and  is  therefore  the  pressure 
required  to  cause  failure  for  a  20  MT  weapon. 

Upper  Bound  Method 

In  this  method  for  the  equivalent  surcharge  loading,  it  is  assumed  that  when  the  arch  is  loaded  a  horizontcl  load 
factor  (K)  of  unity  is  developed  causing  the  load  to  be  applied  uniformly  and  radially  around  the  arch.  This  results  in  a  pure 
compression  in  the  arch. 


Dead  load  thrust  and  moment 

The  critical  section  for  dead  loads,  i.e. ,  earth,  concrete,  and  temperature  changes,  wos  found  at  0  =  23®  by 
using  the  equations  shown  in  Table  2  or  could  have  been  found  more  corsveniently  by  Figures  I  through  9.  The  total  dead 
load  moment  and  thrust  were  then  computed  for  the  critical  section  and  are  os  follows; 


=  10.56^11:^;  Tj,  =  4.79lcips/ft 


Static  overpressure  (P  ) 

The  static  overpressure  is  determined  by  using  Equation  II. 

.  I.20f'  bt-T.,  . 

P  -  dc  dl  =  162  psi 

q  - TOR - 

Natural  Period  of  Vibration  (T* ) 

c 

”  The  natural  period  of  vibration  is  the  same  as  that  computed  in  Equation  22. 
Therefore;  T  =  4.45  msec 

Correct  the  value  of  T  to  include  the  effect  of  earth  cover  according  to  Equation  12. 


>  T 

c  ^  m 


where  the  value  under  the  radical  is  the  same  as  shown  in  Equation  25,  therefore: 


r  =  4.45  X  2.87=  12.8  msec  I 

c 

Failure  Overpressure  (P^) 

The  ground  surface  air-overpressure  that  would  cause  structural  collapse  was  determined  for  two  weapon  sizes, 
i.e.,  40  KT  and  20  MT. 


40  KT  Weapon 

Assume  P  =  125  psi 
so 

from  Figure  13,  t^  =  140  msec 
Therefore  t  /V  =  *  H-O 

*  c  TTh 

from  Figure  II,  at  fiy/ =  2,  =0.77 

Using  p^  from  Equation  28,  solve  P^^ 

Therefore  Fso  ~  1^2  x  0. 77  =  125  psi  which  is  equal  to  Hie  ossumed  value  ond  is  therefore  the  pressure  required  to 
cause  failure  for  a  40  KT  weapon. 


569 


SOIL-STRUCTURE  INTERACTION 


20  MT  Weapon 

Assume  P  =  121  psi 
so 

from  Figure  13,  =  1100  msec 

Therefore:  =  92 

from  Figure  II,  at  S^/S  -  2,  ~  0-25 

Using  P  from  Equation  28,  solve  P 
q  so 

Therefore:  P$o  =  162  X  0.75  =  121  psi  which  is  equal  to  the  assumed  value  and  is  therefore  the  pressure  required  to 
cause  failure  for  a  20  MT  weapon. 

Design  Graphs 

Graphs  for  use  in  the  design  of  buried  arches  having  a  depth  of  soil  over  the  crown  of  the  arch  equal  to  one-half 
the  arch  radius  are  presented  in  Figures  18  and  19  for  the  threshold  ond  upper  bound  methods  respectively.  These  graphs 
are  reliable  for  arches  having  radii  up  to  twenty  feet  and  can  be  used  regardless  of  the  orientation  of  the  blast  wave.  If 
a  structure  is  located  above  the  ground  water  table,  use  the  threshold  method,  Figure  18.  If  it  is  known  that  a  structure 
will  always  be  located  below  the  water  table,  use  the  upper  bound  method.  Figure  19.  Since  the  overpressure  values  in  the 
graphs  represent  pressures  that  should  cause  structural  collapse,  for  simplicity  it  is  recommended  that  any  factor  of  safety 
if  used,  be  included  in  the  overpressure  value  (P  ). 


DISCUSSION  AND  CONCLUSIONS 


Discussion 

A  study  of  detailed  calculations  for  various  arch  geometries  revealed  that  the  Inclusion  of  stresses  due  to  d^eod 
loads  had  little  influence  in  determining  the  failure  oveqsressures  shown  in  Figures  18  ond  19.  it  is  believed  that  the 
plots  shown  in  Figures  18  and  19  offer  an  expedient  approach  to  the  design  of  buried  arches  that  is  rational  and  in  kteping 
with  field  doto  presently  available  for  such  structures. 
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Fig.  19  Failure  Overpressure  Predicted  By  The  Upper  Bound  Method 


A  study  was  conducted  to  determine  the  difference  in  the  response  of  a  fixed  end  arch  having  the  some  generol 
geometry  and  strength  characteristics  to  that  of  the  two-hinged  arch  discussed  in  this  paper.  |r  was  found  that  the  over¬ 
pressure  to  cause  failure  was  about  the  same  (10  percent  difference  approxirrtately)  regardless  of  the  end  condition,  i.e. , 
fixed  or  hinged. 

Conclusion 

ButTed  arches  of  the  geometry  discussed  herein  are  able  to  withstoni)  overpressures  of  at  least  50  psi  when  designed 
to  withstand  dead  loads  alone,  I.e. ,  earth,  concrete,  and  temperature  changes,  using  standard  design  strengths  for  steel 
and  concrete. 

The  predicted  overpressure  (P  )  necessary  to  cause  failure  of  buried  structures  is  not  chonged  appreciably  if  the 
dead  load  stresses  are  omitted  in  the  response  calculations. 

The  overpressure  necessary  to  cause  failure  is  approximately  the  some  geometry  and  strength  choracteristics.  There¬ 
fore,  the  graphs  shown  in  Figures  18  ond  19  can  be  used  for  either  fixed  or  two-hinged  orches. 
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APPENDIX  I:  NOTATIONS 

2 

As  Area  of  tension  steel  in  reinforced-concrete  member,  in.  . 

A'  Area  of  compreuion  steel  in  reinforced-concrete  member,  in.^ 

b*  Width  of  section,  in.  or  ft. 

C  Depth  of  earth  cover  for  arch  crown ,  ft 

d  Depth  from  extreme  compressive  fiber  to  tensile  steel,  in. 

d'  Depth  from  extreme  compreuive  fiber  to  compressive  steel,  in. 

DLF  Dynamic  load  factor  2 

E^  Modulus  of  elasticity  of  concrete,  psi  or  Ib/ft 
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Allowable  static  compressive  strerigth  of  concrete,  psi 

Static  ultimate  compressive  strength  of  concrete,  psi 

Dynamic  ultimate  compressive  strength  of  concrete,  psi 
Dynomic  yield  strength  of  steel,  psi 
Allowable  static  tensile  stress  of  steel,  psi 
Static  yield  point  stress  of  steel,  psi 
Acceleration  due  to  gravity,  ft/sec^ 

Ratio  of  distance  between  compressive  and  tensile  steel  to  thickness  of  arch  section 
Horizontal  reaction  at  arch  springing  line,  Ib/ft 
Moment  of  inertia,  in. 4  or  ft^ 

Equivalent  spring  constant,  Ib/in. 

Horizontal  load  factor  for  overpressure  load 
Horizontal  load  factor  for  earth  load 
Kiloton,  1000  tons  2  2 

Moss  of  concrete  per  unit  length,  lb-sec  /ft  - 

Mass  of  concrete  plus  mass  of  earth  cover  per  unit  length,  Ib-secVfF  2 

Externol  moment,  ft-lb/ft  or  equivalent  moss  in  a  simple  spring  mass  system,  lb-sec^/ ft 
Deod-lood  moment,  in. -kips/ft  or  ft-lb/ft 

Resisting  or  internal  moment  section  con  develop  at  idealized  yield  for  an  elastoplostic  response,  in. -kips/ft 
Megaton,  10^  tons 

Rotio  of  modulus  of  elasticity  of  steel  (E  )  to  the  modulus  of  elasticity  of  concrete  (E  ) 

Ratio  of  tensile  reinforcement  in  reinforced-concrete  member  to  concrete  area 

Static  resistance  or  static  overpressure,  psi 

Ground-surface  air-overpressure,  psi 

Load  applied  to  a  structural  element  os  o  function  of  time 

Radius  to  center  line  of  arch,  ft 

External  sheer,  Ib/ft 

Thickness  ofarch,  in. 

Positive  phase  duration  of  blast  wove,  msec 
Effective  duration  of  the  dynamic  load,  msec 
Time  to  maximum  response,  msec 
External  thrust,  Ib/ft 

Natural  period  of  vibration  of  an  arch  for  a  compression  mode  of  loading,  msec 

Natural  period  of  vibration  of  on  arch  for  o  compression  mode  of  loading  corrected  for  earth  cover,  msec 
Deod-lood  thrust,  kips/ft 

Natural  period  of  vibration  for  a  flexural  model  of  loading,  msec 

Resisting  or  internal  thrust  section  can  develop  at  idealized  yield  for  on  elastoplostic  response,  kips/ft 
Natural  period  of  vibration,  msec 

Natural  period  of  vibration  corrected  for  earth  cover,  msec 
Vertical  reaction  at  arch  springing  line,  Ih/ft 
Charge  Weight,  MT  . 

Coefficient  for  hinged  arch,  (ft  x  in,  yf^) 

Coefficient  for  hinged  arch,  S/P  ^(in.Vf^) 

Coefficient  for  hinged  arch,  T/P**  (in.VfO 
Unit  weight  of  concrete,  Ib/cu  f? 

Unit  weight  of  soil,  Ib/cu  ft 
Ultimate  arch  crown  deflection,  in. 

Yield  arch-crown  deflection,  in. 

Change  in  temperature, 

Temperature  coefficient  of  linear  expansion  for  concrete,  in./in./^F 

Central  ongle  of  ar:,h,  degrees 

Ductility  factor  .  - 

Coefficient  for  hinged  orch,  M/y  ^  (ft  /ft)  (ft-ft  /ft) 

Coefficient  for  hirrged  orch,  S/y  ,  (ft^) 

^  2 

Coefficient  for  hinged  arch,  Vy  g  (ft  ) 
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Coefficient  for  hinged  arch,  F° 

Coefficient  for  hinged  arch,  S/^  r° 
Coefficient  for  hinged  arch,  T/A 
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FORCE  TRANSMISSION  DUE  TO  COHESIVE  SOIL-FOUNDATION  INTERACTION 
UNDER  VIBRATORY  LOADING 

by 

Robert  L.  Kondner* 


SYNOPSIS 

The  influence  of  footing  size  and  moss  on  the  dynamic  forces  or  stress  transmission  due  to  cohesive  soil-foundation 
interaction  is  presented  for  the  particular  situation  of  vibratory  loading.  The  methods  of  dimensional  amlysis  in  conjunc¬ 
tion  with  kinemotic  and  force  parameters  in  phase  diagram  form  are  shown  to  be  useful  in  analyzing  and  formulating  dynamic 
stress  transmission-deflection  response.  The  results  of  prototype  tests  were  analyzed  for  reinforced  concrete,  circular 
footings  with  diameters  ranging  from  5  ft-2  in  to  10  ft-4  in,  total  weights  of  the  foundation  system  ranging  from  6.41  tons 
to  25.64  tons,  and  applied  dynamic  force  ampli;udes  varying  from  approximately  0.26  tons  to  26  tons.  The  static  stress 
level  about  which  the  dynamic  stress  perturbations  were  applied  was  maintained  constant  at  4.25  psi.  Although  the  res¬ 
ponse  is  nonlinear,  the  dynamic  stress  amplitude  transmitted  to  the  supporting  cohesive  soil  is  related  to  the  displacement, 
x,  by  a  power  relotion.  This  is  expressed  in  terms  of  o  non-dimensioral  displacement  amplitude  parameter,  x/d,  which 
conveniently  accounts  for  the  effects  of  footing  diameter,  d,  as  well  as  the  transmission  factor,  (T.  F.),  of  the  soil- 
foundation  system.  The  dynamic  stress  transmission  is  given  in  both  graphic  and  analytic  form.  The  analysis  and  results 
contained  herein  may  provide  iruight  on  the  dynamic  force  or  stress  transmission  to  supporting  cohesive  soils  as  well  os  the 
associated  displacement  consequence  of  such  transmission  due  to  soil -structure  interaction  under  dynamic  loading. 

INTRODUCTION 

The  effects  of  foundation  size  and  mass, properties  of  the  soil  supporting  the  foundation,  mognitude  and  nature  of  the 
excitotion  function  and  static  stress  level  ore  important  considerations  in  studying  the  response  of  c  system  due  to  cohesive 
soil-structure  interaction  under  dynamic  loading.  These  factors  are  importont  ospects  of  both  surface  ond  buried  soil- 
structure  systems.  It  is  generally  recognized  that  the  response  of  a  soil -foundation  system  is  a  nonlinear  problem  of  o  highly 
indeterminate  nature.  The  interrelated  effects  of  the  above  factors  on  the  dynomic  response  of  such  systems  hove  not  yet 
been  determined  clearly  in  broad  terms,  either  theoretically  or  experimentolly .  In  addition,  most  experimentol  studies 
are  on  models  or  relatively  small  scale  foundations  with  prototype  investigotions  quite  limited  in  scope.  It  is  highly  desirable 
to  be  able  to  estimate  the  displacements  of  she  foundation  system  in  order  to  compare  them  with  acceptable  displacement 
tolerances  of  the  foundation.  The  mag.iitude  of  the  dynomic  stresses  transmitted  to  o  cohesive  soil  by  the  foundation  system 
may  have  a  very  important  effect  on  the  totol  displocemonts  of  the  foundation. 

The  present  paper  deals  with  the  effects  of  cohesive  soil -structure  interaction  on  the  dynomic  force  or  stress  trans¬ 
mission  to  the  supporting  soil.  These  interaction  effects  ore  expressed  in  terms  of  the  size  ond  moss  of  the  toundotion,  ex¬ 
citation  level,  and  damping  of  ’^he  system  for  the  porticuiar  cose  of  sinusoidol  loading  of  reinforced  concrete,  circulor, 
prototype  footings  with  diameters  ranging  from  5  ft-2  in  to  10  ft-4  in.  Totol  weights  of  the  foundation  systems  range  from 
6  41  tons  to  25.64  tons  and  applied  dynamic  force  omplitudes  vary  from  opproximotely  0.26  ton  to  26  tons. 

Although  soil-foundation-looding  interrelationships  moy  be  of  o  highly  indeteiminote  nonlinear  noture,  it  may  be 
possible  to  express  the  response  of  output  directly  in  terms  of  the  input  or  physical  voriables  of  the  system  without  knowing 
the  mechanistic  interaction  between  irtput  and  output.  This  is  onologcxis  to  the  "block  box"  approach  in  which  input 
informotion  is  fed  into  the  box  and  output  is  obtained  without  knowing  how  the  Sik  actually  functions.  Although  such  on 
approach  may  leave  something  to  be  desired  ocodemically,  knowing  the  respc^sse  for  o  set  of  physical  variables  may  be 
quite  sotisfoctory  from  the  practical  viewpoint.  In  addition,  the  relotlons  between  input  and  output  resporsse  may  be 
helpful  in  determining  the  mechanistic  interaction  among  soli,  footing  system  and  loading. 

A  practical  example  where  such  an  approach  mir>ht  be  applied  is  the  problem  of  determining  the  vertical  displocement 
response  of  a  footing  supported  on  the  surface  of  a  cohesive  soil  ond  subjected  to  vertical  sinusoidol  looding  Ciossicol 
approaches  to  this  problem  frequently  consider  on  equivalent  moss  of  soil  os  porticipotirsg  in  the  vibration  ond,  hence,  the 
inertial  forces  of  such  a  mass  must  be  included  in  the  onolysrs.  Such  o  soil  moss  is  obviously  o  function  of  the  footing  size 
and  moss,  excitation  function,  and  properties  of  the  supporting  soil.  To  dote,  the  outhor  knows  of  no  retiouic  relotions 
giving  the  magnitude  of  the  vibratirtg  soil  mass  os  o  fursction  of  the  above  variables.  However,  the  effects  of  such  o 
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vibrating  equivalent  mass  might  possibly  be  limped  inta  the  effects  of  the  other  physical  variables  Such  an  approach  is 
used  herein. 

In  general,  when  a  cohesive  soil  is  deformed  by  meorts  of  external  forces,  port  of  the  work  is  stored  elastically  and 
part  is  dissipated.  For  simplicity,  consider  such  combined  elastic  ond  flow  response  as  viscoelastic  behavior  and  a  materiol 
exhibiting  such  behavior  as  o  viscoelostic  material.  It  is  recognized  that  the  response  of  a  viscoelastic  materiol  subject 
to  oscillating  stresses  or  deformatioro  may  be  markedly  influenced  by  the  magnitude  of  the  static  stress  level  about  which 
the  stress  or  deformation  perturbations  ore  takirtg  place.  Sirtce  a  cohesive  soil  moy  be  considered  viscoelastic,  it  is 
important  to  recognize  the  possible  influence  of  static  stress  level  on  the  transmitted  dyrtomic  stress  response  of  cohesive 
soil-foundation  systems  subjected  to  a  pulse  type  of  loading  as  well  as  on  oscillating  excitotion  of  c  rxiture  prevalent  in 
the  present  investigotion.  However,  the  effects  of  static  stress  level  on  the  displocement  response  of  the  cohesive  soil- 
foundation  system  considered  ore  complex  and  beyond  the  scope  of  the  present  paper. 

THEORETICAL  ANALYSIS 

Consider  the  case  of  a  rigid  circulor  footing  supported  on  the  surfoce  of  a  cohesive  soil  and  subjectec  to  a  harmonic 
forcing  function,  F  ,,  of  the  form 

Fd  =  Fjj  sin  (<ii  t  +  S  )  (I) 

where  Fp  is  the  dynamic  force  amplitude,  w  is  the  frequency,  t  is  the  time  of  looding,  and  8  is  the  phase  ongle  be¬ 
tween  the  displacement  ortd  F^.  The  dynamic  response  of  the  soil-footing  system  is  generally  recognized  os  a  nonlinear 
phenomenon.  However,  the  assumption  of  a  harmonic  wave  form  for  the  steady  state  displocement-time  response  inherently 
leads  to  the  concept  of  lirtearity,  since  the  motion  in  rtonlinear  vibration  may  be  periodic  but  not  harmonic  Nevertheless, 
depending  upon  the  degree  of  nonlinearity,  it  is  passible  to  use  o  harmonic  opproximotion  for  the  resporve,  particularly 
when  only  amplitude  data  are  being  considered  on  an  individual  point  by  point  basis. 

it  is  often  advantageous  to  represent  a  simple  harmonic  function  in  terms  of  o  rototirsg  vector.  Figure  I  is  a  vector 
diagram  of  the  displacement,  velocity,  and  acceleration  with  force  leadir>g  the  displocement  by  the  angle  8  .  Sir«ce 
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diiplacernent  vector  and  then  applying  the  equilibrium  conditions  ot  on  instant  of  time,  one  obtairw  the  following  reiotioni 
for  the  dissipation  and  restoring  force  omplitudes,  respectively; 


R|  =  Fjj  sin  S 

=  mx  +  Fp  cos  S 

The  same  relatiorss  can  be  obtained  directly  from  the  equation  of  motion  for  wt 
By  analogy  with  conventional  static 
loading,  one  may  consider  the  amount  of 
displacement  of  the  footing  to  be  a  func¬ 
tion  of  the  amount  of  force  transmitted  to 
the  cohesive  soil  supporting  the  footing. 

This  transmitted  force,  F.J.,  is  made  up  of 
the  two  components  Rj  and  R_,  as  indica¬ 
ted  in  Figure  2;  that  is,  the  Transmitted 
force  is  the  vector  sum  of  the  force  trans¬ 
mitted  through  the  dissipation  mechanism 
or  damper  and  the  force  transmitted 
through  the  restoring  mechanism.  The 
amplitude  or  modulus  of  the  transmitted 
force  vector  is  denoted  as  F^.  Figiire  3 
is  a  vector  force  polygon  for  the  rr.sponse 
given  in  Figure  2.  All  force  vectors  are 
shown  in  Figure  3.  However,  F.j.  is 
equivalent  to  the  vector  sum  of  R|  and 
Rj  and  can  be  combined  with  the  applied 
force  amplitude,  Fp,  and  the  inertial  force 
amplitude  to  form  a  force  triangle.  From 
Newton's  second  law,  the  resultant  of 
all  the  external  forces  acting  on  the 
footing  system  must  be  exactly  equal  to 
the  product  of  the  mass  and  acceleration 
with  the  direction  of  the  acceleration. 

Thus,  the  external  resultant  force  vector 
cannot  have  a  component  normal  to  the 
acceleration  vector.  This  leads  to  the 
relation 

F.J.  sin  OC  =  Fp  sin  S  (4) 

and  the  transmitted  force  amplitude  is 

^  /e\  f '9-  2  Phas< 

^  nroT 


«t  =  V2. 


Fig.  2  Phase  Diagram;  Force  Parameters 


As  indicated  in  Figure  3, 

a  =  tan"’  [  ]  ( 

Substitution  of  Equations  2  and  3  into 
Equation  6  gives 

“1 


STT 


Fig.  3  Force  Vector  Polygon 


The  value  of  sin  (X  can  be  conveniently  obtained  from  a  table  of  the  values  of  the  trigonometric  functions. 

The  transmission  factor,  (T.F.),  is  the  ratio  of  the  transmitted  force  to  applied  force  and  can  be  written  os 
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and  ffie  fronsmifted  force  omplitude  con  be  written 


=  Fp  (T.F.)  (9) 

Dividing  the  transmitted  force  amplitude  by  the  cross-sectional  oreo  of  the  footing  gives  the  dynamic  stress  amplitude  trans¬ 
mitted  to  the  supporting  soil  as  F_  (T.F.) 

O’  =  D 

DT  - 1  (10) 

It  is  interesting  to  note  that  the  transmission  factor  is  both  non-dimensional  end  a  measure  of  the  energy  dissipation 
parameter  of  the  system. 

A  convenient  form  of  expressing  the  physicol  phenomena  in  terms  of  o  finite  number  of  physicol  quantities  can  be  ob¬ 
tained  using  dimensional  onalysis.  The  functional  relationship  obtained  can  be  written 


X 


(T.F.), 


(II) 


where  d  is  the  footing  diameter,  O'  is  the  static  stress,  p  is  the  natural  frequency  of  the  system,  and  q  is  a  restoration  para¬ 
meter  of  the  soil  system.  The  explicit  form  of  the  functional  relotion  may  be  investigated  experimentally. 


ANALYSIS  OF  EXPERIMENTAL  RESULTS 


The  author  has  been  involved  in  thn  onalysis  of  the  results  of  a  number  of  prototype  footing  tests  conducted  using 
vertical  sinusoidal  forces  generated  by  the  centrifugal  force  due  too  rotating  eccentrically  mounted  mass.  The  test  results 
analyzed  in  this  paper  were  obtained  from  reinforced  concrete  circular  footings  with  diameters  of  5  ft-2  in,  7  ft-4  in, 

9  ft-0  in,  and  10  ft-4  in  supported  on  the  surface  of  a  relatively  uniform  silty  clay.  Unfortunately,  extensive  soil  test  data 
were  not  available  from  the  test  area.  Available  information  indicates  the  following  typical  soil  characteristics;  average 
weight  density  of  120  lbs  per  cu  ft,  compression  modulus  varying  with  depth  from  approximately  10,500  psi  near  the  surface 
to  22,000  psi  at  29  ft,  and  a  shear  modulus  ranging  from  approximately  4,000  psi  to  8,500  psi  over  the  same  depth.  Moduli 
were  determined  using  seismic  methods.  Each  footing  was  loaded  to  a  stotic  pressure  of  4.25  psi  with  ballast  symmetricolly 
placed  and  secured  to  the  footing.  The  static  pressure  included  the  weight  of  the  footing,  weight  of  the  vibrator,  and 
ballast  load.  The  areas  included  were  20.97,  41.94  ,  62.92,  and  83.89  sq  ft,  while  the  stotic  weights  included  12,820, 
25,640  ,  38,460,  and  51,280  lbs,  respectively.  The  dynamic  force  amplitude  applied  to  the  footing  can  be  written 

Fp  =  M^r«  ^  (12) 

where  M  is  the  eccentrically  mounted  rotating  mass  and  r  is  the  eccentricity.  For  o  footing  test,  a  particular  eccentricity 
was  selected  for  a  constant  magnitude  of  eccentric  mass  and  steady  state  conditions  were  obtained  for  various  values  of 
frequency.  Four  values  of  eccentricity  or  excitation  level  were  used  for  each  footing.  Sinusoidal  forces  were  applied 
for  frequencies  ranging  from  approximately  6  cps  to  30  cps,  subject  to  the  limitations  of  the  vibrator.  This  corresponds  to 
force  amplitude,  Fq,  ranging  from  approximately  525  lbs  to  52,000  lbs,  depending  upon  the  mognitude  of  the  eccentric 
mass,  the  eccentricity,  and  frequency  of  oscillation.  All  footings  were  carefully  instrumented  with  various  configurations 
of  transducers  and  pick-ups  for  both  test  control  and  displacement  measurement.  Speciol  instrumen  ition  was  used  to 
measure  the  phase  angle,  S  ,  between  the  applied  force  oi'd  the  footing  displacement.  Thus,  for  each  frequency  of 
oscillation,  the  force  amplitude,  vertical  displacement  ouiplitude,  and  phase  angle  be^  een  force  and  displacement  were 
obk  ^-ed. 

Dividing  Equation  12  by  the  cross-sectional  area  of  the  footing  gives  the  applied  dynomic  stress  ff*  Figure  4  is  a 
typical  plot  of  applied  dynamic  stress  as  a  function  of  frequency.  A  typical  displacement  amplitude-frequency  response 
with  four  levels  of  excitation  is  given  in  Figure  5  for  a  footing  diometer  of  9  ft-0  in.  The  total  weight  of  the  footing  system 
is  19.23  tons  and  corresponds  to  a  static  stress  of  4.25  psi. 

The  dissipation  and  restoration  force  amplitudes  corresponding  to  the  response  of  Figure  5  con  be  calculated  with 
Equations  2  and  3  using  the  measured  phase  angles  associated  with  porticulor  volues  of  frequency.  The  corresponding  values 
of  the  angle  OC  and  transmission  factor  (T.F.)  can  be  determined  using  Equations  6 and  8,  respectively.  Dynomic  stress 
amplitudes  transmitted  to  the  supporting  soil  were  determined  using  Equation  10  and  ore  presented  in  Figure  6  os  o  function 
of  frequency.  Comparison  of  Figures  4  and  6  indicate  that  olthough  the  applied  dynamic  stress  continually  increases  as 
the  square  of  the  frequency,  the  energy  diuipation  of  the  cohesive  soil-foundotion  system  couses  the  tronsmitted  dynamic 
stress  to  tend  to  level  off  at  increased  volues  of  frequency.  It  is  interesting  to  note  that  the  values  of  or  _  were  determined 
using  phase  angles  ond  not  displacement  amplitudes.  Thus,  comparison  of  Figures  5  and  6  indicate  that  orte  moy  consider 
that  the  values  of  the  displacement  amplitudes  are  primarily  functions  of  the  dynamic  stresses  felt  by  the  cohesive 
soi  I . 
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Since  all  of  the  footings  were  supported 
on  the  some  cohesive  soil,  the  restorotion 
porometer  of  (he  soil  may  be  considered  o 
constant,  Thus,  the  non-dimensional  para¬ 
meter  is  proportional  to  ^*1-.-,  the 

dynamic  sti4«  amplitude  transmittea,  while 
O"  ,  is  proportional  to  the  static  stiess  level 
(4.23  psi)  about  which  the  dynamic  load 
perturbations  take  place.  Lumping  the 
tronsmission  factor  and  x/d  together  simpli¬ 
fies  Equation  II.  Figure  7  is  a  plot  of 
versus  x/d  (T.F.)  for  footing  diametors  or 
7  ft-4  in,  9  ft-0  in,  and  10  ft-4  in,  constant 
excitation  of  M^r  equal  0. 368  lbs  per  sq  sec 
and  a  constant  static  stress  of  4.2.'5  psi.  This 
corresponds  to  total  weights  of  12,82  tons, 
19.21  tons  and  25.64  tons.  Normalizing  the 
displacement  amplitudes  by  the  footing  dia¬ 
meter  apparently  accounts  tor  the  effect  of 
the  size  of  footing  on  the  dynarric  response. 
Figure  7  also  tends  to  indicate  that  the 
inertial  forces  of  the  system  take  into  account 
variations  in  total  weight  for  a  constant  level 
of  static  stress.  The  correlations  are  good 
for  displacements  at  frequencies  less  than 
resonance  while  the  maximum  deviations 
occur  at  high  frequencies  where  the  phase 
angle  meosuremjnts  are  less  reliable  wl»h 
variations  in  W  .  Figure  8  gives  the  varia¬ 
tion  of  a;  G  function  of  x/d  (T.F.)  for 
footing  diameters  ranging  from  5  ft-2  in  to 
10  ft-4  In,  total  weights  from  6.41  tons  to 
25.64  tons,  arvd  excitation  levels  ranging 
from  0.368  to  i  .470  lbs  per  sq  sec.  No 
phenomenological  pattern  of  size,  total  mass, 
or  excitation  level  is  apparent. 

Since  the  resonant  amplitudes  ore  the 
critical  displacement  values,  it  is  interesting 
to  examine  the  resonant  response  of  the  sys¬ 
tems  tested  Figure  9  is  analogous  to  a  con¬ 
ventional  static  type  of  stress-deflection  plot 
for  i'lC  footings  tested  In  this  case,  the 
stress  considered  is  the  resonant  dynamic 
stress  ompiitude  transmitted  to  the  supporting 
cohesive  soil  and  the  deflection  used  is  the 
resonont  amplitude  of  footing  displacement, 

^  .  The  response  given  in  Figure  9  is 

similar  to  that  obtained  from  conventional 
static  loadings;  nomely ,  for  a  constant  value 
of  tronsmitted  dynamic  stress  amplitude  the 
deflection  amplitude  is  lorger  for  the  larger 
size  footing  The  results  of  the  single  test 
for  the  5  ft-2  in  diameter  footing  do  not  fit 
in  with  the  trends  of  the  other  12  tests.  How¬ 
ever,  the  reliability  of  the  test  on  the  small 
footing  is  highly  questionable  because  of  im* 
proper  functionirtg  of  the  phase  angle  instru¬ 
mentation,  leoding  to  doubtful  values  of  the 
phase  ongles  for  this  particulor  test.  Thus, 
one  must  question  the  reliability  of  thot  par¬ 
ticular  point  on  Figure  9. 


Fig.  4  Applied  Dynamic  Stress  Amplitude  vs  Frequency 
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Fig.  6  Transmitted  Dynamic  Stress  Amplitude  versos  Frequency 


Figure  10  is  o  plot  of  the  non-dimensional  resonant  amplitude  porometer,  ^/d  (T.F.),  os  a  function  of  The 

response  of  the  three  large  footings  given  in  Figure  9  seem  to  coHopse  in  o  single  bond  or  curve  in  Figure  10  with  no 
apparent  phenomenological  order.  The  advantage  of  the  non-dimensional  formulotion  is  quite  opporent.  Since 
proportional  to  ,  ,  Figure  10  is  essentially  a  plot  of  versus  A  /d  (T.F  .)  for  o  normolized  value  of  r. 

The  value  af  the  resonant  transmission  factor,  (T  .F .)  ,  vories  from  1 , 03  to  1 . 40 . 

Considerotion  of  the  resonant  response  (  w  /p  =  I)  for  =  4.25  p$i  leads  to  o  simplificotion  of  Equotion  II  to  the 


d’TTT.7' 


q 


Equation  13  also  can  be  rearranged  so  that  or  is  the  dependent  varioble.  Assuming  a  normalized  value  of  q  =  I,  one 
con  express  the  resonant  response  graphically  ’  by  plotting  log  (  versus  log  [  A  /d  (T.F.)  J  as  given  in  Figure 
II.  Approximation  of  the  response  in  Fig  -re  II  with  o  stroight  line  lea*  to  on  expression  of  the  form 


where  B  is  the  intercept  and  C  is  the  slope  of  the  stroight  line.  The  portlculor  volues  of  B  ond  C  would  seem  to  be  functions 
of  the  portlculor  cohesive  soil-moss  system.  Thus,  can  be  expressed  In  terms  of  the  resonont  displacement  amplitude 

as  given  by  Equation  14  or  in  terms  of  the  size  and  ma»  of  the  footing  os  well  as  the  dluipotion  of  the  system,  os  obtoined 
from  Equations  7,  8,  and  10. 


579 


sot  SI»UCTU«E  interaction 


In  order  to  uw  fho  r*tulH  given  in  Figufei  K) 
and  II  or  Eouotion  14  for  o  porticulor  vibratory 
looding  on  o  footing  with  tbe  ttotic  stre*'  level 
roraidered  ortd  ujpported  on  tbe  cobetive  soil 
teste;;,  ‘t  is  necessory  to  krww'  tbe  value  of  tbe 
resonont  trarssmission  focior  in  order  to  colcu-^ 
late  the  values  of  ^  os  well  os  the  deflec¬ 
tion  parameter.  HoMrever,  the  resorKint  trans¬ 
mission  foctor  is  a  function  of  the  soil-founda¬ 
tion  system  and  the  monner  of  loading. 

Frwn  the  conventionol  analysis  of  the  forced 
vibration  of  a  linear  domped  spring-mass  system, 
it  can  be  shown  that  the  resonant  value  of  the 
traramission  factor  can  be  written 

r  (15) 


1  + 


A 

€ 


where  ^  is  the  eccentricity  factor  defined  as 


c  = 


M  r 
o 


“RT 

with  M  the  eccentric  mass,  r  the  eccentricity, 
and  M  ^e  total  mass  of  the  footing-structure 
system.  Since  Ais  an  expression  of  the  influence 
of  the  soil -foundation  system  and  €  relates  to 
the  footing-loading  system.  Equation  15  may  be 
related  to  the  actual  resonant  tra<ismission  factor 
associated  with  the  prototype  dyrtamic  soil- 
foundation  system .  Comparison  of  the  resorsant 
transmission  factors  dotennined  by  Equations  8 
and  15  indicate  thot  those  determined  by  Equation 
15  ore  approximately  89  percent  higher  thon  those 
given  by  Equotion  8.  The  values  determined 
with  Equation  15  range  from  1.28  to  1.74  while 
those  determined  by  Equation  8  range  from  1 . 03 
to  1.40,  If  the  resonant  tronsmiuion  factors 
calculated  with  Equation  15  are  used  in  Equation 
10  to  determine  the  transmitted  dynamic  stress 
amplitudes,  the  results  given  in  figure 

12  are  obtained.  Approximation  of  the  results 
of  Figure  12  with  o  straight  line  representation 
lends  to  an  equation  of  the  form  of  Equation  '4 
with  different  values  of  the  coefficients  3  and  C. 

In  Figure  12,  the  response  of  the  5  ft-2  in  diameter 
footing  is  more  compatible  with  the  results  of  the 
other  footing  tests.  This  would  seem  to  indicate 
the  phase  angle  measurements  for  the  smoll 
footing  were  indeed  in  error. 

For  the  prototype  study  coisducted,  the  res¬ 
ponse  con  be  represented  by  Figure  12  ond  Equa¬ 
tion  15.  It  con  olso  be  represented  by  Figures 
10  ond  II  or  Equotion  14  olortg  with  the  voiues  of 
(T.F.)  determined  from  the  phase  angle  response 
of  the  soll-foundotion  system. 

It  is  felt  thot  these  ono  lyses  and  represen- 
tctloio  shed  Insight  on  the  estimation  of  dynamic  force  or  stress  tronstnission  to  the  supporting  cohesive  soil  os  well  os  the 
dispiocemont  response  associated  with  transmitted  stresses  due  to  cohesive  soil-foundation  interaction  under  dynamic 
loading.  The  effech  of  footing  site  ond  totol  moss  ora  included;  however,  the  pouible  effects  of  the  slotic  stress  level  ore 
not  necessorily  includod  os  the  static  stress  w«  maintained  cemtant  for  the  present  study.  Additional  ospects  such  os  the 
effects  of  resonant  frequency,  static  stress  level,  and  response  ot  frequencies  other  then  resonance  remoln  to  be  investigated. 


Fig. 


7  Transmitted  Dynamic  Stress  vs  Dimensionless  Dispiocement 
Porometei:  Constant  Excitation  Level 
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Thr  influtnctt  of  footing  *lzt  and  mow  on  th«  d/nomic  fdrct  or  ttrou  tiaramiuion  duo  to  cohotivo  toil-foundotion  Intor- 
ostion  if  prorontod  for  tho  particular  situation  of  bibratory  iooding.  Tbt  motbodi  of  dimontionol  analytit  In  conjunction 
with  kinorrtotic  and  fore#  poramoton  in  phoio  diagram  form  oro  shown  to  bo  usoful  in  onolyzing  ond  formulating  dynamic 
strow  transmiuiorv-dofloction  rosponio.  Tho  rosults  of  pretotypo  tosts  woro  orsolyzod  for  roinfbrcod  eoneroto,  circuior 
footings  with  diomoters  ranging  from  5  ft>2  in  to  10  ft>4  in,  total  wolghts  of  tho  foundotion  systom  ranging  from  6.41  tons 
to  25.64  tons,  and  oppliod  dynomic  force  omplitudos  varying  from  opproxlmotoly  0.26  ons  ta  26  tons.  Tho  stotic  strow 
iovol  obout  which  tho  dynamic  strow  porturbotions  woro  oppliod  was  mointolnod  constant  ot  4.25  pti.  Although  tho  ros- 
ponso  is  nonlinoor,  tho  dynomic  strow  omplitudo  tronsmitt^  to  tho  supporting  cohosivo  soil  Is  rolotod  to  tho  ditplaeomont, 

X,  by  0  power  relation.  This  is  oxprowod  in  terms  of  o  nen-dimof«ienel  ditplaeomont  omplitudo  paromotor,  x/d,  which 
conveniently  accounts  for  tho  effects  of  footirtg  dimnotor,  d,  os  well  as  tho  tronsmiuien  factor,  ^.F.),  of  tho  soil-foun¬ 
dation  systom.  Tho  dynomic  strow  tronsmiuian  is  given  in  both  graphic  ortd  oiwly tic  forms.  Tho  onelysis  ond  results  cots- 
toinod  horc:n  moy  provide  insight  on  tho  dynomic  force  or  strow  tronsmiwien  to  supporting  cohosivo  toils  os  well  ot  tho 
owociotod  displocomsmt  consoquoneot  of  such  trormmiwlon  duo  to  soil-structuro  intoroction  ursdor  dyramic  loodlrsg. 
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menh  Resonant  Amplitude  Response 


Fig.  ^0  .Transmitted  Stress  Versus  Dimenion- 
less  Displacement  Parameter:  Resonant 
Amplitude  Response 


Fig.  il  Resonant  Antplltude  Response:  Meosuted 
Phase  Angles 


Fig.  12  Resonant  Amplitude  Re^ioisse:  Transmission 
Foctof  from  Aft^litsrde  and  Ejscitation 
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THE  THEORY  OF  LIMITING  EQUILIBRIUM  FOR 
AXISYMMETRIC  PROBLEMS:  A  COMPARISON  WITH 
EXPERIMENT  ON  SILO  SKIN  FRICTION 

by 

C.  J.  Costantino*  and  A .  Looginow** 


ABSTRACT 

The  theory  of  limiting  equilibrium  is  used  to  obtain  theoretical  predictions  of  sRiri  friction  developed  along 
vertical  cylindrical  silos  embedded  in  soil  which  is  subjected  to  a  uniform  static  surface  averpressure.  Comparison  of  the 
results  is  mode  with  experiments  conducted  in  on  Ottawa  sand  subjecico  to  surfoce  overpressures  up  to  100  psi.  It  is 
found  that  reasonable  agreement  between  theory  and  experiment  is  obloincd  For  tests  conducted  in  dense  sands  where 
passive  type  shear  failures  are  obtained.  The  results  of  the  tests  in  loose  sands  do  not  conoborate  the  theory,  as  would  be 
anticipated  based  upon  volume  change  effects  accompanying  sheorirsg  action.  Both  the  analytic  ond  experimental  results 
indicote  that  the  developed  skin  friction  forces  are  significantly  higher  than  those  usually  token  info  occount  by  current 
design  methods. 


INTRODUCTION 

A  major  problem  encountered  in  the  design  of  ursderground  structures,  both  conventiorsol  and  protective,  has 
been  the  determination  of  the  loads  tronsmitted  by  or  through  the  soil.  The  uncertainties  involved  in  this  orro  hove 
developed  due  to  the  incomplete  understandirtg  of  the  respome  of  soil  to  load,  both  static  and  dynamic,  os  well  or  the 
influence  of  structurol  flexibility  on  load  distribution  (arching  effects). 

Vorious  theories  hove  been  evolved  in  on  attempt  to  approximate  soil  behavior,  it  being  possible  to  cotegorize 
these  into  two  seporote  groups.  The  first  group  is  concerned  with  stress  stotes  wherein  a  smoil  chonge  in  magnitude  of 
the  applied  forces  does  not  violate  equilibrium  of  the  system.  Into  this  category  foil  the  various  corssolidotion  theories 
for  cohesive  soils,  os  well  as  the  solutions  based  upon  the  theories  of  elosticity  orsd  viscoelasticity. 

The  second  cotegory  of  analysis  is  concerned  with  strwis  states  wherein  o  small  choisge  in  the  applied  loads 
will  cause  a  loss  of  equilibrium  (stobility  type  problems).  This  group  includes  the  studies  of  eorth  preuures  on  retoinirsg 
walls,  ultimo**  resistance  of  foundations,  the  vorious  methods  of  trio!  foilure  (or  slip)  surfoces,  ond,  on  approach  becomirsg 
widely  krsown  of  late,  the  theory  of  limi*iig  equilibrium. 

This  letter  theory  ottempts  to  develop  a  more  rigorous  opprooch  ro  the  problem  of  critical  equilibrium  thqn  has 
heretofore  been  used  in  the  field  of  soil  rrsechanics.  An  ^rxtentive  exposition  of  the  theory  con  be  found  in  the  text  by 
Sokolovski  (I),  in  which  he  dec's  exclusively  with  the  plone*ttroin  problem,  although  mony  other  studies  hove  oppeored 
in  the  open  literoture  (2, 3, 4, 5, 6)  corKerning  this  problem.  Very  few  solutioio,  however,  moy  be  found  concerhirsg  the 
oxisyrnmetric  problem,  the  priiKipal  contribution  in  this  oreo  being  mode  by  Berezentsev  (7). 

The  omsiicotion  uf  this  theory  of  limiting  equilibium  to  procticol  problems  eventually  depends  upon  the  success 
with  which  experimental  results  check  the  theoreticol  corciusiom  ond  determirte  the  limits  of  its  oppiicobility .  The  purpose 
of  this  study,  therefore,  hos  been  to  compcwe  experimentol  results  for  o  ppr.tis^lar  prdfelem  with  the  th^VtlcaS'i^tedicfions 
obtoifsed  by  the  theory  ctf  limiting  equJlbrium, 

VERTICAL  SILO  iK  IN  hROiON  STUDIES 

Orse  problem  encountered  In  the  design  of  hardened  silos  is  the  determination  of  the  oxiol  lood  trorstmitted 
to  the  silo  Hstos^h  skin  friction  developed  between  the  v>il  ond  the  structure.  This  loodirtg  is  couied  differflotip} 
verticol  dispiocements  (Rigute  I)  of  the  strucnmi  ond  the  toi>  due  too  passing  surfoce  oir  shock  wove. 

To  investignte  this  problem,  a  series  of  stotic  tests  we*e  performed  on  smoli  scot*  silo  models  ThevMt  cylindricol 
models  were  embedded  in  the  toil  (Eigunt  2)  ond  relative  motion  between  the  toil  and  model  was  irtduced  b>v  puling  the 
models  upword  through  the  soil  urttil  idilurc  occurred.  Eor  these  tesH  (termed  puth»os**  tests),  a  rortge  of  stdt,>e  Surface 
overpressures  srp  to  100  pil  wot  oppiied  to  the  soil  prior  tc  opplicotion  of  the  psoh-oui  thrust. 

Four  models  mode  of  steel  tubing  were  used  with  lengih«diomsier  notio*  of  l.-O,  3.58,  7  16,  ond  I6.^>  The 
loteiol  surfoce  of  «och  silo  model  wos  roughersed  by  cutting  20  V^grooves  per  ir«cK  (t/32  in.  de«^)  to  assure  tiwv  hstlyre 
f  Aeseorch  {Engineer,  ilY  ftuseorch  Imtitute,  Chlcogo,  Illinois. 

••Asiisionf  Engineer,  IIT  Rescoruh  Initihrtc,  Chicogo,  Illinois. 
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SOIL-STRUCTURE  INTERACTION 
Ground  Surface  ^ 


Tk__ 


Before  Loading  *  ' 

(a)  ^ - 

Fig.  1  Silo-Skin  Friction  Development  During  Loading 

(b) 

would  occur  within  the  soil.  In  all  tests,  a  granular  soil  (Standard  Ottawa  sand)  was  used,  with  tests  being  conducted  at 
both  a  low  (9  percent)  relative  density  and  a  high  (100  percent)  relative  density. 

A  grain  size  curve  for  the  sand  is  shown  in  Figure  3.  Details  of  the  test  procedure  and  fixtures  are  contained  in 
the  Appendix  to  this  report. 

ANALYTICAL  STUDY 

To  further  investigate  this  problem  on  analytic  solution  for  the  push-out  test  was  obtained  using  the  theory  of 
limiting  equilibrium.  The  aim  of  this  approach  is  naturally  to  determine,  by  comporison  with  experimental  results,  the 
regiom  of  its  applicability,  if  any,  so  as  to  allow  its  use  for  more  general  skin  friction  problems  of  interest.  We  describe 
in  tlie  following  poragraphs  this  analytic  solution. 

EQUATIONS  OF  AXISYMMETRIC  EQUILIBIRUM 

The  positive  stress  stote  is  defined  in  Figure  4  for  the  oxisymmetric  cose.  The  two  equations  of  equilibrium 

become  (7) 


d<^r 

.  +  - - 

a--  er 
^  '  • 

Sr 

r 

.+ 

"5^ 

r 

From  the  conditions  of  the  problem,  it  follows  that  ^  is  o  principal  stress. 


CONDITIONS  OF  LIMITING  EQUILIBRIUM 

From  the  Mohr  failure  theory  (8),  the  moximum  shear  stress  that  o  soil  con  sustain  a  givers  plane  is  given  by 

|T„t  =  (2) 
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where  r  is  the  shear  strength  of  the  soil  dong  the  plane  with  nornwl  n,  e  Is  the  cohesion,  jH,  is  the  ongle  of  internal 
friction,  and  is  the  normal  stress  on  the  plane.  Written  in  terms  of  the  principal  stresses.  Equation  2  becomes 


o-  .  <r  O'  +  O' 
13  13 


ton  0 


(3) 


where  %  and  o  ore  the  maximum  and  minimum  principal  stresses,  respectively.  In  addition  it  is  ottumed  that  either 

I  V 

O'  s:  o  =  O'  or  <r  =  =  o;  (4) 

0  2  3  9  2  1 


Equations  3  and  4,  therefore,  noke  up  the  two  equations  of  limiting  equilibrium.  It  is  ottumed  by  these 
equations  that  in  the  "critical"  zone  failure  is  Impending  and  that  the  maximum  shear  strength  of  the  soil  is  being  developed 
throughout  the  zone.  In  this  zone.  It  Is  possible  to  construct  surfoces  whose  tangent  planes  at  every  point  coincide  with 
the  rresponding  slip  plat\es.  Such  surfoces  form  a  system  of  two  curvilinear  families  and  are  colled  "slip  surfaces." 

Tt«  assun^tions  of  limiting  equilibrium  (Equations  3  and  4)  moke  the  problem  stoticolly  determinate  In  that  the 
stress  distribution  within  the  critical  zone  con  be  determined  from  the  given  stress  boundary  conditions.  Using  the 
substitutions 


(5) 
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Sieve  else 

Fig.  3  Grain  Size  Oisiribotion,  Ottawa  Send 
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inclinarion  of  0*^  with  respect  to  the  OR  axis 
any  convenient  measure  or  stress 


the  equilibrium  equations  become 


where 


df  dr 

^  ’  W, 
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cos  (  a  ^ )  sin  p  IT 


sin  (  0  -f  f*)  +  sin  (  0  - 
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f  _2L, 

^2  ■  75 


cos  (  g  +  ^  1 

cos(  a  ~  fl)  sin  jS  7r 


sin  (  g  -  f**)  +  sin  (  Tt  +  H*) 
cos  (  a  - 


(6) 

(7) 

(8) 


(9) 


(10) 


The  upper  sign  in  Equation  10  refer  to  the  '^ssive"  cose  or  movement  away  from  the  OZ  axis,  while  the  lower  sign  refers 
to  the  "active"  case  or  movement  toward  the  OZ  axis.  and  J32  are  coordinoles  measured  along  the  "slip"  or 
characteristic  lines  of  the  critical  zone  which  are  reloted  to  the  (r,z)  coordinate  directions  through 
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Fig.  4  Definition  of  Positive  Stress  Directions 


=  ta(0*/l)  3^  (a) 

3^  3^  (b) 


(II) 


Equations  9,  10  and  1 1  allow  for  solution  for  a  particular  problem  together  with  the  required  stress  boundary  conditions. 

For  the  push-out  test  (see  Figure  5),  the  cylindrical  surface  AC  becomes  o  slide  surface  when  the  force  F  be¬ 
comes  large  enough  to  overcome  the  developed  shear  stresses  between  the  cylinder  and  the  soil.  In  addition,  if  the 
angle  of  wall  friction  is  equal  to  the  angle  of  internal  friction  of  the  soil,  the  cylindrical  surface  becomes  a  charact¬ 
eristic  surface. 

The  boundary  conditions  for  this  problem  are:  along  AB:  0=0^;  ^3  =  P  (12) 

along  AC:  a  =  “  (4^  +  0/2) 


The  governing  equation  along  AC  is  (Equations  9b  and  lib) 


which  upon  substitution  of  the  boundary  condition  becomes 


587 


SOIL-STRUCTURE  INTERACTION 


Applied  Surface  Prcesure 
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Fig.  5  SchemaHc  Diagram  Of  Push-Oot  Test 

Eliminatiftg  ‘i)  from  this  equation  by  Equation  7,  the  equotloo  for  stress  along  AC  becomes 


The  solution  to  this  equation  is 


L  *  _  1-sin/J 

where  A  = 

cot  jy 


6<r 

IT 


<sr  - 


<T  ,  1  -  sin  . 

0 

A  z/r 

(a-^+y^.)e 


(15) 

(16) 


and  is  the  initial  mean  stress  at  point  A  on  surfoce  AC. 

To  determine  we  use  the  boundary  condition  thot  ^  AC  ~  ^AB  ^ 

From  the  given  conditons  of  the  problem,  o  singularity  exisH  at  point  A,  since  the  stress  conditions  assumed  along  AC 
not  compatible  with  those  assumed  along  AB. 

From  Equation  17  the  initiol  condition  is  found  to  be 


(17) 

ore 


%  =  P 


^-(V2  +  )0)  ton^ 


- 1  -sTnjB'  ■ 

The  sheor  stress  along  the  wall  is 

T  s*  ^  ton  jS  =  ^sln  pcotfi 
and  integrating  along  the  area  of  the  cylinder  we  find 


Defining  the  average  shear  stress  os 


.  2,  VM  .0.  ^  I  (.^)  (/  »-l)  -  ^ 


(18) 

(19) 

(20) 
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we  arrive  at 


NUMERICAL  RESULTS 

Figure  6  contains  a  plot  of  the  average  failure  skin  friction  as  a  function  of  length-radius  ratio  of  the  cylinder 
for  various  values  of  the  parameters  jS  and  y  L/p.  From  these  curves,  the  following  items  may  be  noted: 

(a)  the  average  shear  stress  developed  along  the  sides  of  the  cylinder  increases  rapidly  with  the  length- 
radius  ratio  of  the  cylinder; 

(b)  as  the  angle  of  interna!  friction  of  the  soil  increases,  the  developed  skin  friction  increases,  reaches  a  max¬ 
imum  and  then  decreases.  The  angle  of  friction  at  which  this  peaking  occurs  increases  with  an  increase  in  l/r 


e  10 


Fig.  6  Average  Shear  As  A  Function  Of  Length/Radiui  Ratio 

Figure  7  eontoini  a  plot  of  the  radial  stren  along  the  cylinder  woll  as  o  function  of  depth,  for  voriout  value*  of  the  ongle 
of  internal  friction.  From  these  result*.  It  may  be  noted  that  the  stress  increases  ropidly  with  depth,  in  oddition,  os  the 
soil  friction  angle  increoiet,  the  applied  rodiol  stress  decreases,  ot  leost  for  the  depth  ronges  shown.  At  much  larger  depths, 
this  It  no  longer  true. 


SOIL-STRUCTURE  INTERACTION 


Fig.  7  Variation  Of  Normal  Stress  With  Depth,  y=  0 

Of  more  direct  interest,  however,  is  the  comparison  of  the  theoretical  and  experimental  results,  which  are 
shown  in  Figure  8.  The  results  of  two  series  of  tests  are  presented,  one  conducted  in  dense  sand  and  the  other  in  loose 
sand.  It  may  be  noted  that  for  high  values  of  i/to  (  ^  theoretical  predictions  of  developed  shear  are  much  higher 

than  those  found  experimentally.  In  the  lower  range  of  l/tg  (<10),  the  experimental  and  theoretical  predictions  are  of 
the  same  order  of  magnitude,  at  least  for  those  tests  conducted  in  dense  saneb. 

The  experimental  results  obtained  from  the  tests  conducted  in  loose  sands  are  lower  than  the  corresponding  results 
for  dense  sands  and  are  in  further  disagreement  with  the  theory.  An  explanation  of  this  result  may  be  given  os  follows. 

For  the  soil  in  the  dense  state,  a  volume  expansion  accompanies  the  shearing  action.  This  in  turn  induces  a  passive  re¬ 
sistance  of  the  soil  to  motion,  corresponding  to  the  theoretical  development.  In  the  loose  state,  however,  this  is  no 
longer  true,  since  a  volume  decrease  accompanies  shearing  action  of  the  soil.  Further  experimentol  work  is  required 
with  low  friction  angle  soils  exhibiting  dilotency  during  shearing  to  justify  this  statement. 

CONCLUSIONS 

It  is  felt  that  a  powerful  tool  is  available  to  investigate  many  foundation  problems  of  interest  to  the  designer. 
However,  its  application  to  procticci  problems,  as  with  ail  theories,  must  be  mode  judiciously,  so  os  to  ensure  thot  the 
phenomena  assumed  In  the  theory  at  least  in  a  gross  sense  approximates  the  behavior  under  actual  conditiorts. 

From  the  precedirtg  results,  it  is  felt  that  the  following  conclusions  may  be  drown: 

(a)  the  radial  stress  along  the  cylinder  wr*l  is  predicted  by  the  nmlvsis  to  Increase  exponentially  with  depth 
(Figure  7).  Clearly,  this  result  cannot  be  valid  for  the  deeper  depths  of  interest.  This  it  alto  indicated  by  eotr>parison 
with  the  experimental  results  (Figure  8).  Thus,  it  would  oppeor  that  the  ossumptien  of  passive  behovior  of  l^e  toil  it  not 
valid  over  Ihe  entire  leisgth  of  the  cylinder,  ot  least  for  votues  of  l/r^  ^  10. 

(b)  It  may  be  noted  thot  the  solution  depends  upon  the  surface  overpressure  applied  at  the  edge  of  the  cylinder 
only,  ond  it  independent  of  the  surface  prenure  applied  ot  other  locations.  This  it  due  to  the  fact  that  the  cylinder 
surface  it  taken  to  be  o  slide  oi  characteristic  surface.  This  would  Indicate  that  tome  toil  meves  with  the  cylinder  and 
foSlure  ocluolly  toket  place  ot  tome  distance  oway  from  the  cylinder.  This  it  similar  to  the  results  obtained  from  pile 
pull-out  tests. 

(e)  in  the  ronge  of  interest  of  currently  designed  silos  (iyrp<  10),  the  onolytic  and  experimental  results  ore 
comparable.  Current  detigr.’  ftiethods  use  the  following  procedure  f^  estiirating  skin  friction  effects.  The  rediol  '.treu 
it  token  to  be  equoi  to  o  fraction  (obout  V3)  of  the  applied  surface  ovetpresture,  ond  the  developed  sheer  ttrea  to  be 
equal  to  tan)S  timet  the  radio!  stress.  This  leods  h  iie  design  relation 
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ICO  L;,  <0  I 

Fig.  8  Comparison  Of  Thoorottcoi  And  Exporimontol  Rosulti 
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APPENDIX 

T«ts  were  performed  in  o  3  ft  diameter  by  3  ft  deep  pressure  vessel.  The  wells  of  the  vessel  were  cooted  with 
V2  mil  thi^  eootingi  of  bonded  Teflon  end  o  single  sheet  of  Teflon  O.OOS  in.  thick  wos  loeseiy  attached  over  the  surface. 
This  arrangement  is  the  result  of  a  series  of  tests  performed  on  various  types  of  surface  coatings  to  detennine  the  surface 
treotment  that  reduces  frictional  restraint  at  the  walls  of  the  pressure  vessel  to  a  reesonobie  minimum. 
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The  genercl  test  set-up  is  illustrated  in  Figiire  2.  The  sMo  model  was  placed  on  a  supporting  stand  and  the 
3/4  in.  push-out  rod  passed  through  c  pipe  sleeve  to  prevent  frictional  contact  with  the  soil.  At  the  lower  cover  of  tha 
pressure  vessel,  the  rod  passed  through  a  "Bronzoil"  bearing  and  the  lower  end  of  the  rod  made  contact  with  a  force  washer 
which  rested  on  a  hydraulic  jack  head.  A  sand  wiper  assembly  served  to  prevent  sand  from  flawing  under  the  model  when 
it  was  lifted  off  the  base  during  a  test.  The  "Bronzoil”  bearing  provided  lateral  support  to  prevent  possible  buckling  of 
the  push-out  rod. 

The  lood  measuring  assembly  consisted  of  a  spherical  bait,  ball  seat,  force  washer  and  a  nipple  type  force 
washer  sect .  Two  Lockheed  Electronics  Company  force  washers  with  capacities  of  40,000  lb  (Type  SK-TR-470  and  10,000 
lb  were  used  interchangeably,  depending  on  the  magnitude  of  load  anticipated.  The  force  washer  was  securely  placed  on 
a  nipple  which  was  screwed  into  the  head  of  a  Lyncr  hydroulic  jack  which  provided  the  push-out  thrust.  A  spherical  ball, 
which  made  contact  with  the  push-out  rod,  rested  on  the  spherical  seat  of  the  force  washer  i.eert.  The  hydraulic  jack 
was  supported  on  an  X*frame  fabricated  from  12  in.  WF  structural  members.  The  jack  frame  was  supported  by  eight  high 
strength  rods  which  screwed  into  the  bottom  flange  of  the  pressure  vessel.  The  soil  used  for  these  tests  was  Ottawa  sand. 
Two  soil  states  were  used,  dense  and  loose.  To  obtain  the  dense  state,  the  sand  was  placed  in  the  pressure  vessel,  in  12 
ir'.  layers.  Each  lift  was  vibrated  with  a  penetration  type  concrete  vibrator  for  twelve  minutes  in  four  symmetrical  places 
along  the  periphery  of  the  vessel.  The  depth  of  penetration  of  the  vibrator  probe  was  a  maximum  of  18  in.  Two  density 
measurements  were  taken  with  a  Density  Scoop  for  each  lift  after  vibration.  To  obtain  the  loose  sand  state,  the  sand  was 
placed  in  the  pressure  vessel  with  a  harxi  scoop,  which  was  held  at  a  height  of  approximately  12  in.  while  being  moved 
in  0  symmetrical  manner  around  the  silo  model.  Two  scoop  density  readings  were  olso  taken  for  eoch  12  in.  increment  of 
height  os  was  done  in  the  cose  of  the  dense  state . 

The  cpper  surface  of  the  sand  was  made  concove  to  allow  approximately  I  in.  between  the  silo  cover  and  the 
pressure  vessel  cover.  A  rubber  sealing  membrane  was  placed  over  the  surface  to  prevent  leakage  of  air  pressure  through 
ihe  sand.  Surface  ovcrpiessures  of  0,  20,  50,  75,  ond  100  psi  were  employed  in  the  tests.  Thu  pressure  vessel  cover  was 
secured  in  place  by  30  high-strength  bolts  torqued  to  IX  ft-lb. 

The  procedure  used  in  performing  the  te<ts  is  as  follows;  The  base  of  the  silo  mode!  was  lifted  off  the  stand  by 
the  use  of  the  hydraulic  jock  o  distance  of  about  0.2  in.  during  the  placement  of  the  soil.  After  tha  containment  vessel 
was  filled  with  soil  and  the  diaphragm  and  pressure  vessel  cover  were  securely  in  ploce,  the  jock  head  was  lowered  and 
surface  overpressure  was  applied.  This  procedure  was  followed  to  reduce  the  initio!  skin-friction  generated  by  compression 
of  the  soil  prior  to  application  of  the  monitored  hydraulic  jock  force.  That  is,  if  the  silo  model  were  allowed  to  rest  on 
the  stand  during  application  of  surface  pressure,  lorge  relative  displocement  between  the  soil  and  the  model  would  occur 
at  the  tup  of  the  model.  This  relotive  displacement  could  conceivabiy  be  great  enough  to  create  shear  failure  at  the 
interface  prior  to  opplicotior.  of  the  push-out  thrust. 

To  obtain  the  load  at  which  the  skin  friction  on  the  model  is  a  maximum,  the  model  was  pushed  through  the 
sand  by  the  use  of  the  hydraulic  jock  at  on  average  rate  of  0. 1  in.  per  minute.  Deflection  readings  of  the  jack  head 
were  taken  by  the  use  of  a  dial  gouge  attached  to  the  bottom  of  the  venel.  Deflection  readings  were  token  at  0.005  in. 
increments.  Force  washer  load  reodings,  token  simultaneously  with  the  deflection  readings,  were  of^toined  from  a 
Huthaway  (Type  RS-X)  Strain  Gauge  irtdicotor. 
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INTRODUCTION 

The  following  material  was  recorded  on  tope  during  the  formal  sessions  of  the  Symposium. 
In  most  instances,  the  speaker  has  hod  on  opportunity  to  verify  the  validity  of  the  transcription 
os  it  appears. 

Temporal  significance  of  questions,  answers,  and  other  remarks  has  been  preserved  for  the 
reader  by  using  the  same  headings  os  those  in  the  ecR'Iier  divisions  of  this  Proceedings.  For 
example,  the  discussion  which  occurred  after  presentation  on  "State  of  the  Art,"  Tuesday  PM, 
appears  after  the  heading,  “Session  Four  -  Tuesday  PM."  All  material  within  these  divisions  is 
presented  in  order  as  it  actually  occuned.  In  some  sessions,  questions  followed  the  individual 
presentation;  in  other  sessions  the  questions  were  saved  until  after  the  formal  presentations  were 
completed.  Wherever  possible,  slides  or  other  illustrations  which  were  used  in  the  discussion 
are  reproduced  with  this  materia! .  No  attempt  has  been  mode  at  this  point  ho  duplicate 
illustrations  which  appear  in  the  formal  papers. 
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SESSION  TWO -MONDAY  PM* 

WAVE  PROPAGATION  IN  SOIL  MEDIA 

SESSION  CHAIRMAN:  Robert  V.  Whitmon 

The  Choirnw)  of  this  leuion  on  "Wove  Propagation  in  Soil  Media,"  Dr.  R.  V.  WhitmQn,is  Professor  of  Civil  Engineering  at  the 
Massachusetts  Institute  of  Techrtology.  This  year  he  has  been  on  sabbatical  leave  lium  MIT  while  continuing  his  research  activities  at  the 
Stanford  Research  Institute.  Dr.  Whitman  has  done  considerofate  research  and  written  mony  publicutioru  in  the  field  of  soil  dynamics. 

ROBERT  V.  WHITMAN:  This  ofterrwon's  session  is  concerrted  with  wave  propagation  in  soil  medio.  Dr.  Islewmork  in  this  talk  this  morning 
set  the  stage  for  this  seuion.  He  first  pointed  out  to  you  the  complexity  of  the  problem  of  predicting  free  field  motions  cmd  stresses.  He 
then  indicated  sortM  of  the  steps  one  must  go  through  in  simplifying  this  problem  to  moke  it  a  tractable  engineering  problem.  Dr.  Newmork 
first  demonstrated  to  us  that  at  the  overpressure  levels  with  which  we  ore  interested  in  with  this  session,  the  direct  induced  ground  shock 
effects  ore  of  minor  importotKe  artd  that  we  con  concentrate  upon  the  free  field  motions  and  stresses  induced  by  the  passage  of  the  oir  blast 
wave  over  the  surface  of  the  ground.  He  discussed  some  of  the  implications  of  thinking  of  the  soil  as  an  elastic  moterial  and  pointed  out 
that  because  of  the  two  or  three  dimensional  aspect  of  the  problem,  there  can  be  on  attenuation  of  peak  stress  with  depth.  He  further  drew 
upon  concepts  from  theory  of  elasticity  to  formulote  equotions  for  peak  displocement,  peak  particle  velocity,  peak  porticie  occelerotion  in 
a  way  that  vrould  properly  take  into  occount  such  vorioble;  os  the  size  of  the  explosion,  the  overpressure  level,  and  the  properties  of  the 
material  and,  finally,  by  calling  upon  the  results  of  the  rather  limited  field  test  data  that  are  available  to  us,  come  up  with  empirical 
focton  to  stick  into  these  equations  to  moke  them  work.  Dr.  Newmork  observed,  for  example,  in  regard  to  the  peak  particle  velocity, 
that  these  procedures  ought  to  be  good  enough  to  get  us  within  a  factor  of  three  or  four  of  the  proper  answer.  We  are  faced  with  the 
problem,  for  example,  thot  the  empirical  factors  thot  we  draw  upon  ore  based  moinly  upon  tests  in  a  very  limited  set  of  soil  or  earth 
moterials  orsd  wa  ore,  hersce,  drawing  heavily  upoe  our  intuition  when  we  try  to  use  these  for  other  earth  moterials.  I  think  most  of  us  will 
ogree  that  we  need  to  do  somewhat  better  than  the  footer  of  three  or  four.  Being  limited  as  we  ore  today  in  the  ability  to  conduct  field 
tests  in  0  variety  of  earth  materials,  I  think  we  must,  then  logically  turn  to  the  laboratory  os  o  meoro  for  finning  up  our  ideas  about  stress 
wove  propagation  through  soil .  We  would,  for  example,  like  to  be  able  to  answer  questiore  such  os:  How  important  ore  time -dependent 
effects  upon  the  wove  propagation  patterns  through  soil?  How  importr  st  are  non-linear  aspects  of  the  streu-strain  properties  of  soil  upon 
wove  propagation  potterns  through  soil?  These  ore  the  kinds  of  questions  that  con  be  answered  by  laboratory  experiments.  This  afternoon 
we  ore  goir^  to  hove  four  papers  oil  of  which  ore  aimed  at  the  general  question:  what  ore  the  aspects  of  the  stress-strain  behovior  of  soil 
that  bear  most  heavily  upon  the  pattern  or  nature  of  wove  propagation  through  soil? 

The  first  speaker  this  afternoon  is  Or.  E.  T.  Selig  who  ts  o  senior  research  etrgineer  with  the  Illinois  Institute  of  Technology  Research 
institute,  better  kreswn  as  IITRi.  Dr.  Selig  has  been  involved  in  weapon's  affects  research  now  for  seven  yean.  He  is  o  graduate  of  Cornell 
Univenity  and  has  pursued  graduate  work  at  the  Illinois  institute  of  Technology.  The  title  of  his  paper  is  "Characteristics  of  Stress  Wove 
Rropogotion  In  Soil." 

E,  T.  SELIG:  Rresentotion  of  formol  paper,  see  pages  27-dl . 

ROBERT  V.  WHITMAN:  Our  next  speoker  this  aftetrwan  is  Mr.  J.  V.  Zoccor,  senior  research  er:gineer  w  iih  the  UR$  Corporation  of 
Burlingame,  Californio.  AAr.  Zoccor  is  c  graduate  of  the  Univenity  of  Californio  orrd  has  been  at  LHIS  Corporation  for  opproximotely 
eight  yean  ond  hos  there  been  engaged  in  research  on  soil  behavior  urrder  dynamic  loading  conditions  oird  into  the  polentiol  explosive 
hoMf^  of  missile  propellents,  frior  to  joinirrg  URS,  he  hod  spent  seven  yean  studyirsg  the  nature  of  fallout  material  ptocettes  in 
cormection  with  n  nuclear  weapon  test  program.  Mr.  Zoccor  will  speak  to  us  this  afternoon  on  the  subject  'laboratory  Sirau  Wove 
Rrapogotion  Studies  in  Granular  Moterials." 

J.  V.  ZACCORt  Rresentotlon  of  formal  paper,  tee  pages  62-72. 

ROBERT  V.  WHITMAN:  Our  third  paper  this  afternoon  hot  been  written  b>  A.  J.  Mendron,  >.  end  M.  T.  Davisson.  Di.  Ooviisan 
it  Associate  Rtofesser  of  C  ivil  Engineering  at  the  Univenity  of  Illinois.  He  it  e  graduote  from  the  Univenity  of  Akron  ond  hot  poHormed 
groduote  stssdtas  ot  the  University  of  |iilna*t.  In  oddilion  to  Ms  conttibsAiont  In  the  otee  of  nucioor  imeapons  effects,  he  hot  e  wide 
experience  in  general  toil  engineering  prablexe.  The  paper  will  be  presented  by  Lt.  A.  J.  Hondran,  Jr.  of  the  United  Stot«t  Army. 

Lt.  Hendran  is  a  graduate  of  the  Unive^ty  of  Illinois  bo^  at  the  utdetgredwete  ond  at  ih«  grstduaie  level.  He  holdk  the  .onk  of 
Assistant  Netoisei  rtf  Civil  Engineering  el  that  univenity  while  he  Is  on  mllitory  leave  of  absence.  He  it  cstttently  ttcHened  ot  itw  U.  S. 
Ansy  Engineer  Weterwoys  Experiment  Station.  The  title  of  their  pcper  it  "Static  and  Dynamic  Strain  Moduli  of  Tranchmon  Tier  Soils." 

A.  J.  HENORON,  JR.:  Rtssentetion  of  formal  paper,  see  pages  73-R7. 

ROBERT  V.  WHITMAN:  Our  final  gtooker  for  the  etgordaod  portion  of  this  afterwoon's  lesston  it  Or.  Lynn  Seaman,  civil  engineer  from 
the  Stenfoid  Reseoich  IraHtute  Mer^  fetk,  California.  Dr.  Seomon  is  e  graduate  of  the  Univenity  of  Celifotnia  ond  perfetmeJ  graduate 
wash  at  the  Maneehustlts  Iratitute  of  Technotogy.  For  the  post  three  voon,  he  hot  been  engaged  in  both  military  and  cemmorkel 
research.  The  HHo  of  hb  paper  It  SetoMs  in  Solis.* 

LYNN  SEAMAN:  Nssontatign  of  ferevet  paper,  sea  pages  BD-106. 

ROBERT  V.  WtRTMAhfe  I  would  liho  to  thnnk  alt  of  the  ipsiksn  this  afternoon,  m>  only  for  thsdr  oacollant  pagan  but  for  ihtit 
aaagoiiwian  in  moadlng  the  choHonga  that  I  sot  to  them  on  the  time  limit.  I  wouid  Irka  to  mrko  one  eoromant  ebout  ihoia  popon.  You 
raoy  hove  rtoticod  that  those  four  rpoekon  toid  ralotivafy  iittfo  obowi  their  oyHxmntol  epgatohe  end  the  diffscwlHoi  they  hod  in  making 
thaito  axperlwgnlal  agpondut  wodk.  I  cor  anura  you  that  the  pteblaxo  in  oohiisg  them  w^  wore  for  hem  ttivM;  but,  I  think  is  H  perhaps 
ef  aomo  lignifleanw  that  if  this  aeatlrp  Htd  boon  hold  two  yean  ego  we  would  have  hoard  o  fo«  obosrt  egporalus,  end  the  difflcuiiy  In 
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making  fh«m  work,  and  very  little  about  results.  Today  we  hove  been  able  to  bear  a  good  deal  obout  meaningful  results  and  !  think  this 
by  itself  is  a  real  indication  of  the  progress  that  has  gone  on  in  this  particulor  area  within  the  lost  two  yecrs. 

I  would  now  like  to  invite  questiorss  from  the  audience. 

ERIK  SOLLIO:  I  would  like  to  hove  an  explanation  of  the  results  with  reference  to  depth  of  burial.  The  confinement  of  the  various 
samples  os  shown  necessarily  represents  only  one  stratum  level  in  the  ground.  In  other  words,  when  operating  on  these  cylinders,  whot 
effort  wos  mode  to  simulate  the  variableness  of  confinement  from  depth  to  depth? 

E.  T.  SELIG:  In  my  experiments,  of  course,  there  wos  no  effect  of  depth,  I  hod  o  cxsstont  confining  pressure,  ihe  boundary  condition 
will  be  different  then  that  for  what  you  ore  asking  orsd  it  would  to  be  taker  into  account  by  possibly  an  increase  in  lateral  pressure 
with  depth.  This  is  more  like  the  condition  that  Lynn  Seaman  simulated  with  his  vertical  column  in  which  he  prevented  lateral  deformation. 
He  hod  the  overburden  pressure  and  zero  loterol  deformation  giving  a  one-dimensional  effect  so,  in  a  sense,  he  wo>.'!d  be  incorporating  the 
field  conditions  into  his  experiment  os  it  was  set  up. 

LYNN  SEAMAN;  In  my  t«ts,  I  hod  o  certain  omount  of  geostatic  stress  down  to  15  feet  though  the  static  corrpression  test  data  indicate 
that  the  olpho  voiue,  the  otterHtation  factor,  is  not  dependent  on  the  stress  level.  So  you  moy  interpret  this  to  soy  also  that  alpha  would 
not  deperrd  on  precompression  which  occurred  and,  therefore,  would  be  independent  of  the  geostotic  stress.  The  results  for  the  wove  pro- 
pogotion  tests  indicate  that  you  con  predict  the  stress  ottenuation  on  the  basis  of  on  alpha  value,  which  doesn't  take  into  occount  the 
geostotic  stress.  It  is  ossumed  that  the  materia*  properties  are  the  same  ot  oil  depths.  The  stress  ottenuation  opporently  is  predictable  on 
that  basis. 

J.  V.  ZACCOR:  I  believe  that  I  covered  a  port  of  this  questiori  in  the  talk  that  I  presented  in  which  I  suggested  that  by  shifting  the 
origin  of  the  curve  that  I  presented,  one  could  get  a  feeling  of  how  the  stress-strain  chcrocteristics  with  that  level  of  overb>jrden  might  go. 

I  don't  know  how  you  get  at  the  potential  affects  of  cementation  that  muy  occur  with  larsg  periods  of  heovy  overburdens.  There  is  nothing 
in  the  present  system  thot  we  use  d>at  would  allow  us  to  look  ot  this  sort  of  thing. 

ROftERT  V.  WHITMAN:  Perhaps  os  Chairman  I'll  just  moke  a  comment.  Life  is  clearly  not  one  dimensionol,  and  even  if  it  were,  it 
would  be  neither  simply  cuisstroined  os  in  Or.  Seamon's  tests  or  free  to  exporsd  ogoinst  consiont  pressure  os  in  Or.  Selig's  tests,  Mr. 

Zoccor's  tests  ore  essentially  the  some  os  Or.  Seomon's  tests.  These  men  ore,  if  you  will,  starting  with  the  simpliest  tests  to  see  what  con 
be  ieonted  about  wove  propagation.  We  hove  to  go  on  to  the  effects  of  more  than  one  dimension  but  we  ore  reolly  in  our  infoiscy  in 
ieoming  how  to  handle  wove  propogotion,  nan-elostic,  in  onything  more  thon  one  dimension. 

ERIK  SOlLiO;  I  was  merely  curious  obout  the  effect  of  the  irKreose  in  the  velocity  of  pressure  propogotion  os  it  travels  down  (Srowgh 
derwer  and  denser  maleriol . 

ROBERT  V.  WHITMAN:  Unfbrtursolely,  at  the  Idborotory  scole,  it  is  difficult  to  get  sufficient  depth  to  reolly  moke  thot  effect  show  up, 
although  it  begins  to.  As  Dr.  Seaman  pointed  out  in  his  comment,  the  effect  of  the  15  feet  of  geostotic  stress  in  his  tests  con  be  seen  in 
his  results. 

t.  H,  SlEVERS:  This  morning  it  seemed  that  Or.  Newmotk  in  referring  to  the  comporsent  uf  the  pressure  upon  the  structure  stated  that  the 
reflectinn  of  this  pressure  wot  of  little  tigniftcarwe;  however,  this  ofteraocn  the  magnitude  of  the  reflected  oreiiure  «at  shown  to  be  quite 
significant  in  seme  of  these  orm  dimmiottol  tests.  Or.  5elig  and  Mr.  Zoccor  both  showed  these,  t  would  like  to  know  how  this  reflection 
stows  up  os  0  chwige  of  the  impulse  that  would  likely  be  felt  by  e  concrete  tool  of  on  underground  structure.  Doesn't  this  reflection  pro¬ 
vide  o  very  significant  irtcreoie  in  the  impulse  or  the  pressure  experienced  by  th#  itiucture? 

J,  V.  ZACCOfe  I  think  it  is  going  to  be  tignificoni  and  that  is  why  I  presented  the  informeiion.  however,  there  it  o  lot  mere  rhoi  goes 
with  the  guestton  which  has  to  do  with  whether  er  net  you  con  h«re  e  rigid  receiver  os  o  situefure  end  whet  the  effective  moduius  of  the 
structure  ectuelly  is.  In  eddilien,  the  st-ucture  is  going  to  be  flniie  end  Ito  weve  it  going  to  post  around  itj  end,  evoniueity,  the  whole 
structure  will  be  occelereled  •»  e  free-Oeid  perticle  velocity.  It  it  only  when  there  it  s  chorq^  in  the  perHcte  velocity  Ihtd  you  hove 
this  momoMum  transfer,  so  thot  os  the  structure  siortt  to  mctve  with  the  frae-fietd  potticle  velocity  ito  "reflection  foetal  will  go  bock 
down  agoinj  and  oil  ihM  I  soy  applies  to  shock  loodingt.  Does  fhoi  totp? 

I.  H.  StfVtISi  Well,  I  stiil  hove  o  gueiHon,  It  seemed  thot  in  tho  emenHolly  rigid  boa  cortcrate  HtucMe  yOu  hove  to  at  least 
occeleraic  the  entire  ntei  portion  of  the  sMctura  up  to  this  velocity  before  you  hove  the  redwetion  In  the  rafiectien  factor;  ertd,  by  the 
time  ihii  is  accelerated  end  yov  teach  such  e  velocity,  hasn't  the  pteseura  w«ve  gsme  pert  end  the  time  of  such  e  rafiectien  gend  pert  ot 
s*ell7  in  other  weeds,  weul^'t  this  rafteciion  w-wr  msich  mere  rapidty  than  the  stiuciurai  slab  would  occoierale  to  e  velocity  which 
reduces  reflection  rate? 

E.T.  SEUC'  I  think  Mr.  Zoccor  ontwoted  the  quesrien  fairly  well,  but  you  ore  cestoinly  right.  Besicolly,  the  etiect «« uM  be  to  odd 
t  little  bit  of  inpwlse,  maybe  e  lot  of  iagulie,  when  thh  wove  fWrt  hits  oeceute  the  effect  will  drap  off  os  i«on  os  you  get  motion  of  the 
peneL  It  will  dipend  o  great  deal  upon  the  rtiffneit  of  Ito  panel  end  the  duralien  of  the  puhe  os  to  hew  sig  -ficent  it  is  M  tome  of  the 
overall  effect.  I  would  like  le  odd  full  one  effier  comment,  that  with  these  enelylicel  tuchntques,  rach  os  the  one  I  used  in  pradkiing  my 
rSHrln,  I  con  ggyelty  welt  pradict  whet  these  lenectien  foctoa  era.  Mr.  Zoccor  cen  es  srall,  by  taking  hsie  eeceuni  net  simply  o  ffsed 
er  free  etsd,  but  Intermediele  toundety  cendiitiera.  Iherafere,  it  is  possible  to  mske  some  ertimates  of  these  effects  by  such  oa^yticel 
techrsiquan. 

KAtOlO  C.  MASOhk  Thetr  it  one  other  factor  that  hasn't  been  mentioned.  It  b  ito  foci  that  Ihew  era  one-siimensianal  Neis.  In  the 
reel  rtiuclura,  you  also  hove  d  rorafoction  or  unioeding  wove  which  stem  el  the  ed^e,  prapqgeling  ocreis  Ihe  sliuclura  onto  soil  awes 
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post  il  as  a  iwiult  of  the  difference  in  compreuibility  between  the  soil  and  the  structure.  This  will  help  to  relieve  on  -  r.^flections  which 
do  occur,  which  h  another  reason  that  you  may  have  not  seen  it  in  the  field.  As  Mr.  Zoccor  said,  the  reflection  faciors  oppiy  only  to 
shock  loadings.  1^  '^ou  don’t  hcve  a  shock  looding,  you  simply  get  an  increase  in  the  slope  of  the  stress-time  pulse  (rise  time)  rather  thon 
a  lorge  over-registrctirn,  such  os  those  occurring  under  shock  loadings  in  the  one-dimerutonol  case. 

BILL  PERRET:  There  ore  two  things  that  I  think  might  moke  o  difference  here.  One  of  them  is  the  fact  that  the  kiifd  of  -  hock  wove,  oi 
better  yet  the  pressure  wave,  going  by  a  structure  wili  hove  o  wove  length  very  much  greater  than  the  dimensions  of  the  structure  so  that 
reflections  will  not  bs  particularly  so  sericus.  In  other  words,  the  structure  will  be  enveloped  by  the  wove  and  only  portions  of  the  wove 
wili  actually  effect  the  structure.  The  other  thing  is  that  the  bulk  density  of  the  structure  is  probably  much  less  than  that  of  the  material 
it  displaces  so  it  acts  as  a  light  point  rother  rhan  a  moss  of  the  same  density,  consequently,  it  wilt  not  move  os  o  hard  higiier  density 
structure  would. 

ROBERT  V.  WHITMAN.  If  Dr.  Newmark  w  still  here,  I  would  call  upon  him  to  coirmsnt  on  this  situation.  Let  me,  in  his  obsence, 
paraphrase  whot  !  understood  him  tc  soy  'ris  morning.  He  storted  out  by  observing  that  if  you  hove  rigid  boundary,  as  was  true  with  all 
these  laboratory  experiments,  you  must  get  reflections  and  this  is  what  the  laboratory  experiments  hove  shown.  Now,  if  you  hove  some¬ 
thing  that  is  not  rigid  and  ony  structure  that  you  hcve  in  the  grotjnd  almost  invariobly  is  not  rigid  either  because  of  its  own  properties  or 
because  of  what  lies  undemeoH'  'r  and  supports  it,  you  will  hovs  something  leu  thon  complete  reflections.  I  believe  he  soid  that  he  hod 
studied  a  variety  of  typical  uoi.dit'ons  and,  because  jf  the  factors  that  Mr.  Ferret  has  just  enumerated,  for  the  rmjority  of  those  typical 
conditions  no  reflected  wove  of  measurable  duration  ’  ouid  t-'  ‘xpected.  I  believe  that  he  also  said  that  in  a  few  of  the  structures  field 
tests  that  have  beer,  carried  out  it  appeore  1  thot  sonretning  ••..iich  had  the  noture  of  the  influence  of  this  reflection  did  appear,  but  ,r.  t’-e 
majority  of  coses  that  have  been  er.  jneru.  d,  i,  would,  for  these  reasons,  not  be  of  consequence.  We  know  it  is  always  there  and  we 
always  hove  to  be  on  the  lookout  for  it.  Most  of  the  time,  if  we  forget  about  it,  we  ore  all  right,  but  we  always  hove  to  worry  about  those 
few  times  when  we  can't  forget  them. 

MERIT  WHITE:  I  hove  a  question  cf  Or.  Selig  and  that  is  whether  or  not  the  lateral  inertio  may  have  had  some  effect  on  the  results  he 
attained  in  his  tests? 

E,  T,  SELIG:  Lateral  inertia  certainly  may  have  influenced  the  results,  and  I  tried  to  evaluate  the  significance  of  it  essentially  by 
comparison  of  the  streu-stroin  response  and  the  wove  propagation  behavior  with  the  use  of  the  analysis.  All  I  could  determine  was  that 
the  effect  did  not  appear  to  be  significant.  For  example,  I  could  not  sustain  a  streu  exceeding  the  static  strength  for  any  observable 
distance  into  the  specimer.,  hence,  there  was  no  dynamic  effect,  be  it  loteral  inertia,  or  anything  else  acting  there,  that  was  significant. 

I  did,  however,  find  in  order  tc  justify  the  difference  betw  een  the  virgin  stotic  trioxial  streu-stroin  curve  and  the  propagation  velocity  of 
the  wove,  that  some  dynamic  effect  hod  to  be  present~at  least  to  moke  my  data  consistent.  This  wos  because  on  the  first  leading,  t.he 
initial  tangent  modulus  was  too  iow  to  predict  the  right  velocity  but,  on  subsequent  loadings,  they  came  into  agreement  and  it  appeared 
thot  there  were  time-dependent  effects.  There  are  many  explanations  for  this  and  o«ie  of  these  is  lateral  inertia.  I  also  mode  some  cal¬ 
culations  using  the  theory  o*  ■‘ctvmirs  what  the  magnitude  of  lateral  inertia  might  be  ond  it  also  indicoted  that  probably  the  effect  would 
not  be  significant  beyond  two  diameters  from  the  end  of  the  specimen.  There  undoubtedly  wos  some  effect,  but  ir  appeared  minor.  This 

is  not  too  surprising  asp  oily  because  the  soil  was  a  dry  sand. 

F.  J.  TAMANINi  My  question  is  concerned  with  the  interesting  corrolotion  of  Dr.  Seaman's  reported  dota.  Some  of  his  points  coincide 
with  alpha  equal  •  i  .151  believe;  however,  that  he  was  hoping  for  o  better  fit  with  olpha  equal  to  ,2.  I  note  that  in  his  pressure-time 
curve,  where  he  estchlished  T  to  be  arbitrarily  .368  of  the  moxinium  value,  the  corrolotion  is  very  sensitive  to  the  T/T^.  I  wonder  about 
the  establishment  of  the  ,368  value.  Could  there  not  hove  been  a  better  figure  thon  .368?  I  was  wondering  if  there  is  a  firm  basis  for 
t.'lectinq  .3e8  whith  just  seemed  to  be  out  in  oebit  by  itself.  If  a  larger  value  hod  beer  established  perhops  the  alpho  0.2  curve  could 
hove  been  a  better  fit. 

LYNN  SEAMAN:  I  don't  think  so.  The  value  of  ,366  is  certainly  an  arbitrary  number  just  to  give  an  idoo  of  the  lengthirsg  of  the  streu- 
i.'fain  curve.  This  some  number  wot  used  both  in  treating  the  analytical  results  and  the  experimontal  results.  If  there  were  1  to  1  corrola- 
tioo,  the  orralytleal  curve  ond  Hte  experimental  points  would  hove  lined  up  on  the  graph  that  wos  referred  to.  I  think  that  there  was  a 
number  of  effoett  which  con  explain  this  discreponcy  arw)  one  which  I  mentioned  Is  the  non-linearity  of  the  stren-strain  curve.  This 
explains  the  bulk  of  the  differetKe.  I  dan'i  think  I  want  to  go  into  detail  on  a  vest  number  of  effects  which  may  tend  to  bring  the  data 
info  closer  corrolorion  with  onalys!s< 

HEINZ  LEISTNER:  t  hesitate  to  bring  this  up  since  Dr.  Newmark  isn't  here,  ond  the  papers  that  we  heard  this  afterrwon  were  on  one- 
dimensional  wove  propagation;  but,  I  believe  thot  Or.  Newmork  said  this  morning  in  discussing  the  wove  setup  by  moving  the  air 
(pressure  wove)  mode  a  certain  angle  with  surfoce,  which  he  sold  was  a  factor  of  the  velocity  of  the  air  wove  and  the  seismic  velocity. 
However,  then  he  sold  that  this  was  not  on  indication  of  the  directional  components  of  the  stress  movIfH)  through  the  soil,  he  referred  to 
ii  (8  simply  o  vertical  pressure.  A  while  lotcr,  he  brought  out  a  chart  in  which  he  gave  horizontal  cotT^Ksnent  of  tlie  vertical  pressure  as 
a  foctor  of  seismic  velocity.  'Wouldn't  the  horizontol  component  be  o  result  of  the  slope  of  the  streu  wove  moving  into  the  soil?  Or  hove 
I  miuMd  somethlr^? 

A.  J.  HENDRON,  JR.:  I  think  there  are  two  sources  of  the  lateral  pressure.  One  of  them  is  indeed  what  you  mentioned  but  there  is 
also  another  one.  We  hove  the  front  inclined  at  on  angle  which  Dr.  Newmark  called  alpha.  You  do,  I  think,  have  the  lateral  pressure 
cos'-.'od  by  tli!«  front  being  slanted  the  way  it  Is;  however,  it  this  front  were  horizontal  and  moving  down,  you  would  also  have  o  horizontal 
component  uf  p.'essure  which  is  the  some  os  wKol  |  indicated  on  those  curves  of  those  confined  specimens  of  Piayo  Silt.  As  the  oxiol  streues 
irrereose,  /ou  hove  opproximotely  a  coefficient  of  lateral  eorth  pressure  from  .47  to  .56,  Even  if  the  front  were  plane  and  moving  down, 
you  would  get  a  certain  percentage  of  the  vertical  pressure  as  c  horizontal  pressure.  For  the  porticulor  soil  I  reported  on  today  (t  should 
be  somev.’nere  around  ,5.  Does  that  orttwer  your  question? 
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HEINZ  LEISTNER:  Are  you  saying  that  th«  stop*  of  the  wav«  moving  down  through  th»  soil  has  nothing  to  do  with  the  mognitudo  ot  tho 
horizontal  component? 

A.  J.  HENDRON,  JR,:  I'm  saying  there  are  two  components.  It  is  portly  due  to  the  slope  of  the  front  and  also,  even  if  the  front  wos 
moving  verticoliy  you  would  hove  a  horizontal  pressure  because  it  is  completely  restroirsed, 

HEINZ  LEISTNER:  Yes,  I  realize  that. 

A.  J.  HENORON,  JR.:  I  think  it  is  due  to  two  things.  Portly  whot  you  soy,  and  even  if  it  were  movirrg  down  verticoliy,  there  would 
be  compon«::>  of  horizontal  pressure. 

ROBERT  V,  WHITMAN:  I  can't  answer  this  question  but  maybe  we  hove  somebody  in  the  audience  that  is  familiar  with  this  particular 
theory  for  wove  sweepirtg  over  the  surface  in  an  elastic  half  space.  The  orvwer  for  your  question  comes  from  whot  this  theory  soys.  I 
refer  to  Dr.  Newmork's  comments  that  despite  the  inclinotio'i  r.f  the  wove,  the  principol  stresses  ore  still  more  or  less  horizontal  and 
vertical  at  iecst  during  the  early  pmsojt  of  the  wave,  but  if  we  hove  somebody  who  knows  the  theory,  we've  got  the  answer. 

J.  HANLEY:  It  is  a  quest-on  of  interpretation  of  wtiat  he  said.  He  sold  specifically  that  if  we  start  the  shock  in  the  air  at  this  point  and 
then  the  wove  moves  to  this  point  (see  Figure  3,  Opening  iNIdress),  and  "ve  were  attempting  to  locate  the  front  of  the  stress  wave  in  the 
sol!,  the  time  it  take  for  the  stress  wove  which  is  acting  in  o  vertical  direction  ot  this  point  to  reoch  this  depth  is  equal  to  the  time  it 
takes  the  shock  wave  in  the  air  to  reach  this  point.  He  further  said  that  the  stress  wave  in  the  soil  was  not  normal  at  this  front.  The  basis 
for  the  specific  calculation  is  solely  the  question  of  the  time  requited  for  the  stress  wove  to  move  through  the  soil  from  the  surface  to  this 
point;  and  the  shock  wove  in  the  oir  to  move  from  this  point  to  this  point. 

BILL  FERRET:  I  think  there  is  orxither  point  here  and  that  is  for  the  wove  front  which  mokes  the  angle  olpho  to  the  horizontal,  and  here 
Hal  Mason  and  I  agree,  there  is  a  stress  grodient  along  the  line  representing  the  roy  poth  because  the  pressure  represented  by  the  first  arrow 
is  greater  than  tlie  pressure  represented  by  the  orrow  of  the  convergence  of  the  two  lines. 

J,  HANLEY:  Thot'r  light,  the  oir  pressure  is  being  degroded  os  it  moves  olong.  The  statistical  interpretation  of  Dr.  Newmork's  remark 
is  that  the  stress  wove  is  not  necessarily  normol  to  that  front,  ''here  is  a  horizontal  coriponent  to  the  stress  wove  at  oil  points. 

MICHAEL  ANTHONY;  I  think  thot  whot  he  has  done  here  is  that  he  has  computed  vei  tical  stresses  ct  o  given  depth  due  to  o  point  source 
loading  the  surface,  but  he  has  fancied  it  up  by  odding  the  extra  components  of  the  stress  wave  sweeping  out.  He  has  just  computed  the 
.rerticol  pressure  at  its  given  distance  below  the  surface  by  the  old  soil  mechanics  method  of  on  influence  chart;  but  he  has  added  o  few 
other  things.  He  was  not  talking  obout  horizontal  components  but  vertical  components. 

ROBERT  V,  WHITMAN:  This  is  another  point  at  which  we  tegret  that  Or.  Newmork  was  unoble  to  remain  for  the  balonce  of  the  program. 
However,  if  I  may  just  coni, rant  once  more,  I  think  that  there  ore  ot  least  three  separate  things  going  on  here  thot  we  perhaps  tend  to 
get  confused. 

The  first  is  this  concept  of  superseismic  versus  vubseismic  waves.  Pictuies  like  this  are  very  useful  for  getting  ocross  this  con¬ 
cept,  that  is  to  soy,  explaining  wheiher  or  not  you  expect  rhs  soil  to  start  moving  before  the  oir  blost  wove  passes  over  the  soil ,  It  wos 
my  understanding  thot  in  drawing  that  particulor  picture  that  concept  wos  the  main  thing  that  Dr.  Newmork  wished  to  get  across. 

There  are  theories  that  have  bean  worked  out  for  a  wave  swef>ping  over  the  surface.  The  earliest  theories  assumed  a  wave  with 
constant  velocity  and  constant  amplitude.  Since  then,  various  attempts  hove  been  mode  to  moke  thot  condition  more  reolistic;  to  hove  both 
the  shock  wove  velocity  and  the  omplilude  changing  with  distance.  Those  theories  are  available  in  the  literature.  And,  while  I  haven't 
looked  at  them,  I  suspect  that  they  predict  on  increasingly  conplicoted  kind  of  stress  field  depending  upon  how  many  of  these  kinds  of 
refinements  you  get  into.  The  third  point  is  the  computatTons  that  Dr.  Newmork  and  his  colleagues  mode  some  years  ogo  to  get  soma  idea 
of  the  nature  of  ottenuation  of  peak  stress  with  depth.  These  ore,  os  he  explained,  essentially  a  itstic  kind  of  calculation.  I  suppose 
superimposed  on  that  would  be,  liov  ing  mode  this  kinds  of  crude  but  useful  estimate  of  whot  the  peak  vertical  stress  it  might  be  that  one 
would  then  intruduce  essentiolly  coefficients  of  lateral  earth  pressure  at  rest  a  la  Dr.  Newmork's  chart,  to  get  some  feel  of  the  magnitude 
of  the  horizontal  stress. 

R.  H.  SIEVERS:  Referring  to  the  figure  on  the  board  (see  Figure  3,  Opening  Address),  this  is  for  the  superseismic  case,  apparently,  but 
for  all  of  the  structures  which  are,  I  think,  assembled  here  to  consider,  are  not  the  ones  which  ore  supeneismic  but  the  subseismic  case, 
which  go>ng  back  to  Dr.  Newmork  again,  he  showed  that  the  air  blast  might  follow  the  pressure  wave  in  the  ground.  How  else  can  the 
soil  pressure  be  developed  in  advance  of  the  cir  shock  other  than  by  the  soil  streu  primarily  being  In  the  horizontal  direction?  If  we  hove 
a  structure  in  advance  of  such  a  shock  wove,  is  not  this  a  much  larger  horizontal  and  loteral  load  ogalmt  the  structure  than  in  comparison 
with  that  it  receives  0.-1  the  roof?  Isn't  it  much  larger  with  t!ie  subseismic  case  th:n  it  is  with  the  superseismic  condition  you  sow  earlier? 

GLEN  BERG:  Mr.  Chairman,  would  you  please  define  for  me  whot  you  meon  by  the  subseismic,  seismic  and  supeneismic  cose?  I  seem 
to  be  confused. 

ROBERT  V.  WHITMAN:  Thot  I  con  dol  The  superseismic  cose  is  the  case  In  which  the  velocity  with  which  the  shock  wove  In  the  oir  is 
moving  over  the  ground  it  greater  than  the  seismic  wove  velocity  in  the  toil;  hence,  superseismic.  Subseismic  it  the  revene  in  which  the 
air  shock  it  moving  leu  rapidly  than  the  dilototionol  seismic  wove  velocity  tn  the  ground.  On  top  of  this,  we  hove  trarueitmie  which  hot 
to  do  with  shear  wave  velocities  and  dilatationai  wave  velocities.  Now,  who  it  going  to  answer  Mojor  Sieven*  question  for  us?  I  suppose 
we  should  really  ask  Earl  Sibley's  permlnion  to  do  this.  This  it  getting  off  into  hit  area. 
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MICHAcL  ANTHONY.  T^w  m&m  point  is  that  rhii.  is  not  a  cose  ot  interest  at  the  overpressures  we  are  talking  abour.  Direct  induced 
ground  'hcck  is  in^sortont.  This  would  be  on  extremely  hord  structure. 

ROBERT  V.  WHITMAN;  If  once  again  I  con  just  paraphrase  my  urtderstonding  of  what  Dr.  Newmark  said  this  morning.  It's  nice  to  have 
someone  like  that  to  blame  all  your  opinions  on,  you  know.  Tlte  fact  that  the  first  energy  arrives  in  this  way  does  not  necessarily  mean 
that  the  stresses  associated  with  that  Hnt  arrival  will  be  the  largest  stresses  associated  with  the  structure.  It  still  may  well  be;  and,  in 
fact,  .  ‘ill  be  in  a  large  number  of  cases,  true  that  the  stresses  induced  once  the  air  blast  finally  orrives  are  the  larger  ones.  The  problem 
is  with  regard  to  the  phasing  of  some  of  the  motions  and  the  implications  that  this  may  hove  with  regard  to  the  design  of  shock  isolation 
equipment  or  the  arralysis,  shall  we  soy,  of  the  dynamic  response  of  the  equipment  or  the  people  housed  within  that  structure.  Whereas 
in  the  superseismic  case,  one  can  usually  presum-'  that  the  first  thing  that  will  happen  to  the  structure  is  that  it  will  move  downward.  In 
the  subseismic  case,  one  connot  safely  moke  the  presumption,  if  the  phasing  of  the  horizontal-vertical  motions  is  important  from  the  stand¬ 
point  of  the  shock  isolation  effects. 

R.  H.  SIEVERS:  I  believe  I  am  correct  though  in  stating  that  in  the  lower  overpressure  regions  the  subseismic  case  is  the  one  in  which  we 
would  be  principally  concerned,  soy  if  we  ore  deoling  with  structures  designed  for  50  psi,  or  less  than  100  psi,  in  relotionship  to  some  of 
the  charts  we  saw  this  morning  os  to  the  sound  velocities  in  the  various  materiols.  Apparently,  the  effects  you  are  seeing  would  be  to 
provide  a  precursory  or  o  more  gradual  loading  of  the  structure  in  this  subseismic  cose. 

D.  A.  LINGER:  Did  all  this  come  about  from  your  question  concerning  lateral  pressure?  Or.  Newmark  mentioned  Mu  over  one  minus 
Mu  in  which  cose  that  is  the  lateral  pressure  in  o  three  dimensional  trioxial  condition  when  it  is  fully  constrained.  The  figure  which  he 
hod  on  the  board  which  indicated  K,  the  lateral  pressure  coeffici«rts  ore  obtained  from  this  type  of  onalysis  which,  of  course,  leads  one 
from  this  three  dimensionally  constrained,  loading  it  in  one  dimension,  the  other  two  dimensions  are  constrained.  The  pressure  from  which 
the  other  two  dimensions  feel  is  the  factor  K  which  he  has  in  that  tabular  form.  It  all  came  around  from  that  and  that's  where  those  came 
from. 

HEINZ  LEISTNER:  What  I  really  wanted  to  ask  was  whether  we  hove,  since  Dr.  Newmark  developed  this  theory,  been  able  to  improve 
on  it? 

0.  A.  LINGER:  Most  of  the  discussion  was  the  difference  of  opinion  on  this. 

E.  T.  SELIG:  If  I  can  interject  a  comment  on  this  point.  Getting  back  to  the  original  question,  I  think  it  might  help  to  point  out  that 
discussion  of  seismic,  superseismic  and  subseismic  is  generally  thought  of  in  terms  of  the  conventional  elastic  half-space  solution.  This  is 
very  convenient  because  the  wave  propagation  of  the  dilatational  wove  is  o  constant  and  a  function  only  of  the  material  properties; 
hence,  the  wave  front  will  travel  out  in  all  directions  at  a  constant  velocity.  Then  we  con  tabulate  values  for  a  half-space,  assuming 
equivalent  elastic  performance.  But  they  only  approximate  the  real  situation.  If  I  can  infer  some  comments  here  from  our  one  dimensional 
studies,  in  the  real  soil  condition  the  propagation  velocity,  in  the  direction  of  the  front,  will  be  very  much  a  function  of  the  stress 
conditions  existing  there  and  these  vary  because  the  stress-strain  curve  is  o  non-linear  thing;  hence,  your  velocity  is  continually  chonglng 
os  it  propagates  from  any  point.  The  front  will,  in  effect,  really  deform  and  it  will  deform  downward  as  well  os  outward  as  the  peak  stress 
changes.  For  example,  if  you  have  an  upward  curving  stress-strain  relationship,  os  the  peak  stress  comes  down  the  velocity  slows  down. 
Going  laterally,  the  same  thing  really  applies;  os  the  stress-strain  condition  in  this  direction  changes,  the  velocity  changes  as  well .  We 
think  we  can  soy  more  about  this  problem,  at  least  infer  more  on  the  basis  of  our  one  dimensional  tests,  but  the  three  dimensional  or  even 
two  dimensional  analysis  is  extremely  complex  when  you  get  away  from  the  elastic  solution. 

ANDREW  THOMPSON:  These  empirical  relations  are  based  on  the  Nevada  Test  Site  data  for  the  air  induced  ground  shock.  I  am  thinking 
about  materials  other  than  those  of  the  Nevada  Test  Site.  I  wos  wondering  how  low  on  HE  change  we  might  go  to  in  evaluating  some  of 
these  relations  for  predicting  oir  induced  ground  shocks.  Can  we  go  os  low  os  50  tons,  20  tons?  The  relations,  I  believe,  are  originally 
based  on  some  of  the  fairly  larger  yields  and  I  noticed,  of  course  obviously,  megatons,  that  is  one  thing  I  would  like  to  hear  about. 

Another  thing,  when  he  talked  about  attenuation  with  depth,  he  soid  that  they  were  also  based  ^pon  empirical  attenuation  of  stress  doto 
with  depth.  That  was  also  based  upon  empirical  data  to  tome  extent  and  I  was  wondering  what  stress  data  this  v/ot  bated  upon  and  if  this 
stress  dato  wasn't  good,  how  would  that  affect  the  attenuation  of  depth  relations?  I  might  quote  Fted  Sauer  of  SRI  In  this  regard.  He  says 
when  you  look  at  the  test  data  in  Frenchman's  Flat,  the  data  from  the  256  pound  charges  were  quite  different  from  the  data  from  all  the 
larger  charges,  to  he  it  sure  thon  256  pounds  it  too  small.  He's  also  convinced  that  20  tons  is  big  enough  but  he  doesn't  know  just  where 
the  boundory  might  be  between  these  two.  These  ore  explosion  sizes  that  could  be  used  to  answer  meaningful  questions,  not  necessarily 
to  provide  data  to  be  directly  extrapolated  without  Interpretotion. 

A.  J.  HENDRON,  JR.:  I  hove  two  slides  tiiot  show  data  accumulated  at  the  Waterways  Experimentation  Station  and  it  confirms  some  of 
the  things  that  Lynn  Seaman  and  Mr.  Zoccor  hove  observed  In  their  experiments  on  sands.  I  hove  two  little  slides  up  if  you  are  ready  to 
project  them.  These  ore  some  records  thot  were  obtained  at  various  depths  in  our  blast  load  generator  at  the  Waterways  Experimentation 
Station  which  is  Msentially  a  sand  column  restrained  so  that  it  is  a  one-dimenslonol  test.  There  is  an  explosion  set  off  at  the  surface,  and 
at  the  top,  there  is  a  finite  rise  time  which  is  about  one  millisecond.  The  wove  is  shocked  up  at  a  depth  of  one  foot.  It  appean  to  be 
shocked  up  at  depths  of  three  and  four  feet  but  the  shock  does  break  at  8-1/2  feet  when  the  stress  level  it  somewhere  between  20  and 
40  psi .  The  next  graph  is  a  picture  of  the  static  stress-strain  curve  in  one-dimentional  compression  which  was  measured  on  this  tend.  The 
upper  graph  it  the  dynomic  stress-ttrain  curve  which  we  hove  determined  from  these  experimental  results.  You  can  calculate  by  impulse- 
momentum  relationships  and  to  forth  that  if  you  hove  a  shock,  it  should  propagate  as  the  secant  modulus.  If  the  pressure,  shock  propagation 
velocity,  and  density  ore  known  we  can  roughly  locate  one  point  on  the  dynamic  stress-strain  curve.  We  alto  know  from  the  pressure 
measurement,  which  you  eon  believe  within  plus  or  minus  10  psi,  that  the  shock  broke  somewhere  between  20  and  40  psi  so  that  we  know 
tliot  there  it  an  Inflection  point  somewhere  between  those  two  stress  levels.  When  the  shock  breaks,  it  propagates  at  the  tangent  modulus 
rather  than  the  secont  modulus  when  stress  level  It  below  the  inflection  point.  This  is  a  limited  amount  of  data  and  the  curve  shown  Is  the 
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dynomic  stress-strain  curve  we  interpreted  from  the  date.  Since  these  plots  were  mode,  Copt.  Tener  has  mode  some  shots  in  the  large 
blost  lood  generator.  One  shot,  in  particular,  was  30  psi  at  the  surface.  This  is  the  first  shot  out  of  about  some  40  shots  in  the  generator 
that  did  not  show  shocking  up.  These  data  substantiate  that  the  inflection  point  for  this  particular  sond  is  probably  between  20  and  40  psi . 

ROBERT  V .  WHITMAN:  I  would  like  to  comment  on  this  question  of  shock  wove  formation  ond  degeneration  os  it  hos  been  observed  in 
tests  at  the  Stanford  Research  Institute  where  I  hove  been  cooperoting  with  Dr.  Seaman  ond  his  work.  The  records  that  he  sow  were  very 
similar  to  those  that  were  on  the  previous  slide  showing  o  tendency  f«  the  wave  front  to  steepen  in  the  upper  port  of  the  column  and  then 
to  degenerate  from  thot  shock  wove  condition  into  a  plastic  wove  in  the  lower  part  of  the  column.  In  the  tests  at  the  Woterways  Experi¬ 
ment  Station,  which  you  just  sow,  there  was  a  decrease  in  the  peak  stress  with  depth,  on  attenuation  owing  to  the  side  friction  effects 
between  the  sond  and  the  contoiner.  The  sarr<e  pattern  was  obser.ed  in  tests  at  SRI  in  which  there  was  essentially  no  decrease  of  the  peak 
stress  with  depth.  The  same  phenomena  of  shock  wove  formation  followed  by  shock  wave  degeneration  con  occur  independently  of  the 
attenuation  of  peok  stress  with  depth.  I  think  there  are  two  factors  that  come  in  here.  One  of  them  is  the  existence  of  this  initial  bump, 
this  yielding  portion  of  tile  stress-strain  curve,  and  the  second  one  is  the  effect  of  the  increasing  geostatic  stress  with  depth.  Becouse  of 
tlie  work  we've  done  back  at  MIT,  we've  shown  that  the  stress  level  at  the  inflection  point  is  related  to  the  initial  stress.  If  you  ore  at 
the  surface  where  the  initial  stress  is  almost  zero,  the  height  of  that  bump  is  almost  zero.  If  you  are  down  10  or  15  feet  in  the  sand,  then 
the  height  of  that  bump  increases.  As  you  go  deeper  and  deeper,  that  initially  yielding  bump  gets  more  ond  more  important  and  eventually 
a  wave  which  started  out  at  the  surface  seeing  the  material  like  a  locking  material  at  some  depth  ends  up  seeing  it  like  Q  yielding  material. 

M.  T.  DAVISSON:  In  view  of  the  preceding  discussion,  I  would  like  to  illustrate  some  additional  focets  of  the  behavior  of  sand  in 
one^imensional  compression,  particularly  at  high  stress  levels.  The  one-dimensionol  stress-strain  curves  on  the  slide  are  for  a  Minnesota 
sand  with  an  initial  relative  density  of  61 .4  percent  and  an  initial  void  ratio  of  0.54.  Ninety-five  percent  of  the  rounded  silica  sand 
passes  the  No.  10  sieve  and  is  retained  on  the  No.  20  sieve. 

Four  tests  are  shown  on  the  slide:  A  static  test  was  performed  by  Hendron  in  the 
device,  described  here  today  by  Lt.  Hendron,  wherein  the  lateral  strains  are  eliminated.  A 
series  of  three  tests  were  performed  on  specimens  confined  in  thick  rings,  also  os  described  here 
today  by  Lt.  Hendron.  The  three  tests  ore  labeled  Static,  Rapid  and  Dynamic  ond  required 
20  minutes,  200  milliseconds,  and  5  milliseconds  to  reach  the  peak  stress,  respectively.  - 

The  static  test  performed  by  Hendron  did  not  exceed  3,300  psi;  however,  up  to  this 
stress  level  there  is  essentiolly  no  difference  between  the  stress-strain  curve  for  Hendron's  test 
and  that  obtained  by  using  a  thick  ring  to  confine  the  specimen.  Up  to  a  strMS  level  of 
approximately  3,000  psi  the  sand  behaves  os  a  locking  medium,  but  beyond  3,000  psi  and  in 
particular  at  5,000  psi,  the  curvature  of  the  stress-strain  is  reversed.  This  occurs  because  the 
sand  grains  ore  crushed  to  powder.  At  a  stress  level  of  approximately  6,000  psi  to  7,000  psi 
the  curvature  reverses  again,  and  the  powder  behaves  os  o  lacking  iriedium,  at  least  -.‘p  to  o 
stress  of  16,000  psi  which  is  the  maximum  observed.  Thus,  we  hove  two  "bumps"  in  the  stress- 
strain  curves  for  granular  soils,  one  corresponding  to  slipping  of  the  grains  at  relotively  low 
stress  levels  and  one  corresponding  to  crushing  of  the  grains  at  much  higher  stress  levels. 

Whether  or  not  a  strain-rate  effect  is  evident  depends  on  one's  point  of  view.  As 
an  engineer,  it  may  be  concluded  that  no  strain-rate  effect  exists.  As  a  scientist,  the 
difference  between  the  stress-strain  curves,  especially  in  the  zones  where  crushing  occurs, 
would  be  of  interest. 

The  stress-strain  curves  presented  for  the  rounded  Mint'esoto  sand  ore  more 
likely  to  be  quantitatively  representotive  of  a  nuss  of  marbles  or  bail  beorlitgs  than  they  are 
to  be  representative  of  a  normal  sand.  Qualitatively,  however,  the  behavior  is  representative  of  all  granular  media.  For  norma!  sands 
crushing  would  occur  at  lower  stress  levels,  namely,  2,000  psi  to  4,000  psi.  As  the  grain  size  increases  into  the  gravel  range,  the  streu 
level  at  which  crushing  begins  should  decrease  progreuively.  Furthermore,  angular  grains  will  crush  at  lower  streu  levels  than  rounded 
grains. 

ROBERT  V.  WHITMAN:  We  hove  now  looked  at  bumpy  curves  twice.  Lt.  Hendron  showed  you  o  bumpy  curve  but  his  bump  was  down  ot 
very  low  stress  levels.  We  are  seeing  here  another  bumpy  curve  but  the  bump  is  up  cst  very  high  streu  levels.  1  think  these  ore  two  different 
phenomena,  ot  least  In  a  sand,  which  hove  to  be  distinguished.  The  one,  os  Professor  Davisson  has  pointed  out,  is  due  to  the  crushing  of 
the  material,  whereas  the  other  bump  which  occun  at  very  iow  streu  levels  is  the  result  of  the  particles  simply  starting  to  slide  post  one 
another  overcoming  some  Initial  friction  between  the  particles.  I  om  sura  that  os  we  go  to  more  real  esteriols  these  two  effecK  start  tc 
merge  and  perhaps  begin  to  become  Indistinguishable.  Now  I  must  ottempt  to  summarize  the  results  of  this  seuiors. 

From  these  and  other  results  that  hove  become  available  within  the  last  several  yean,  I  think  several  significant  conclusior:s 
con  be  drawn.  The  first  of  these  is  that  It  increasingly  appears  pouible  to  describe  wave  propagation  patterns  through  dry  granular 
materials  by  models  which  do  not  involve  time  dependent  effects.  This  Is  not  to  say  that  everything  con  be  explained  simply  by  rate 
independent  non-linear  hysteretlc  models,  but  to  many  of  the  significant  feotures  such  os  attenuation  of  peak  streu  can  be  to  e^qtlained. 

I  point  out  to  you  now  that  there  ore  ot  least  three  carefully  conducted  sets  of  tests— those  which  Or.  Sellg  and  Dr,  Seaman  have  det- 
Kribed  today  plus  the  ones  that  were  reported  by  Dr.  Helerli  of  Switzerland,  In  the  literature  sevwai  years  ego— oil  of  which  hove  come 
to  ihe  some  conclusion.  From  the  standpoint  of  wove  propagation  behavior  in  dry  granular  moterlols,  the  significant  thing  that  eon  be 
said  today  is  that  you  need  to  take  into  account  hysteretlc  effects  and  nen-lineor  effects,  however,  you  don't  need  to  tolra  Into  account 
any  time  dependent  effects  to  explain  the  significant  feotures  of  the  patterns. 

The  second  conclusion  Is  that.  If  we  accept  this  first  conclusion  and  the  model  it  Implies,  we  then  hove  a  model  that  allows 
us  to  estimate  how  important  attenuation  of  peok  streu  might  be  in  one-dimensional  wove  propagation  due  to  hysteretlc  type  of  energy 
losses.  Any  ottenuotion  of  peak  streu  from  this  sourse  would  presumobly  be  superimposed  on  top  of  any  ottenuatian  that  come  about  os  o 
result  of  two  or  three  dimendonol  effects.  The  conclusion  that  is  reoch^  here  Is  Ih^  if  you  look  at  tlw  results  of  the  kliuian»size 
explosions  which  ore  used  In  field  tests,  you  should  expect  such  attenuation  of  peak  streu  effects  to  be  of  considerable  consequence , 
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If  /ou  go  to  megaton  and  multimegaton  tize  weoponi,  they  ore  still  there;  but  the  magnitude  of  the  attenuation  of  peak  stress  because  of 
such  a  source  of  energy  loss  begins  to  become  insignificant,  compared  to  the  other  things  that  you  do  not  know  about  the  order  of 
magnitude  of  the  stress  that  might  be  opplied. 

The  third  conclusion  I  would  drow  has  to  do  with  the  relationship  between  the  seismic  dilatational-wave  velocity  through  a 
soil  and  what  has  been  referred  to  here  today  as  the  "effective  wove  velocity,"  i.e.,  the  velocity  at  which  some  stress  level  like  a  couple 
of  hundred  psi  might  propagate.  There  hove  now  been  several  sets  of  experiments  ranging  from  those  on  send,  such  os  Dr.  Seaman  des¬ 
cribed,  to  the  results  for  the  Playa  Silt  that  Lt.  Hendron  arrd  Professor  Davisson  described  here  today.  These  tests  show  that,  for  those  two 
soils,  the  "effective  wove  velocity"  is  a  number  considerably  less  than  the  seismic  level  wove  velocity. 

Finally,  os  a  fourth  conclusion,  I  would  say  that  in  a  number  of  tests  in  clean,  dry  sands,  we  have  observed  the  fornxition  of 
shock  waves.  We  have  also  seen  that  those  shock  waves  at  nominal  stress  levels  of  o  couple  hundred  psi,  arfd  less,  only  persist  to  rather 
shollow  depths  before  they  decay  into  non-shock  waves,  waves  with  a  plastic  type  of  front,  a  finite  rise  time,  perhops  c  rise  time 
increasing  with  depth.  The  point  I  wont  to  make  is  that  you  can  get  shock  waves,  they've  been  seen,  but  when  you  start  thinking  of  them 
in  terms  of  practicol  application  to  real  structure  and  real  soil,  everything  combines  to  make  them  disappear,  at  these  nominal  pressure 
levels  anyway.  Despite  the  fact  that  within  the  lost  coupi'e  of  years  we,  for  the  first  time,  have  seen  shock  waves  in  soil,  I  still  think 
that  the  evidence  all  irtdicates  that  shocking  up  effect,  at  the  very  high  accelerations  that  would  be  associated  with  shock  up,  are  not 
factors  of  great  consequence  in  practical  applications. 

While  there  are  many  areas  in  which  we  need  to  have  progress  go  forth,  there  ore  a  few  areas  that  clearly  stick  out  in  my  mind. 
We  first  of  all  need  to  do  for  cohesive  type  soils  something  comporoble  to  what  has  now  been  done  for  dry  granular  soils.  When  we  move 
into  cohesive  soils,  there  is  every  reason  to  suspect,  as  Mr.  Anthony  has  today,  that  time  dependent  effects  which  may  introduce  dispersive 
types  of  phenomena  may  be  of  some  importance.  I  think  we  need  fundamental  studies  aimed  at  finding  out  just  how  important  they  are  in 
propogation  over  distances  of  10  or  15  feet  that  we  con  accomplish  in  loboratory  tests.  A  second  need  is  for  further  comparison  of  seismic 
velocity  and  "effective  wave  velocity"  in  soils  other  than  the  Playa  Silt  in  Frenchman's  Flat,  and  other  soils  that  can  be  tested  in  that 
similar  location.  This  must  be  done  in  situ,  because  we've  got  to  be  sure  that  it  isn't  the  soil  disturbance  effects  that  are  giving  rise  to 
this  difference  and  there  is  a  great  need  for  imaginative  ways  of  making  this  comparison  between  wave  propagation  velocity  for  seismic 
level  stress  and  wave  propagation  velocity  for  high  level  stress  in  other  natural  materials. 

Finally,  the  discussion  today  has  been  restricted  almost  entirely  to  one-dimensional  wave  propagation  phenomena.  We  know 
that  two  important  questions  creep  in  os  soon  as  we  try  to  go  into  two-  or  three-dimensional  affects  and  get  away  from  elasticity,  and  a 
start  has  to  be  made  over  the  years  on  this  question  olthough  clearly  it  is  going  to  be  slow  going, 

SESSION  THREE  -  TUESDAY  AM 
GROUND  MOTION  AND  INSTRUMENTATION 

SESSION  CHAIRMAN:  E.  A.  Sibley 

D.  A.  LINGER:  I  would  like  to  introduce  the  Session  Choirmon  for  this  morning,  Earl  A.  Sibley.  He  is  a  vice  president  of  the  firm  of 
Shannon  and  Wilson.  He  was  a  co-author  of  the  paper  by  Wilson  and  Sibley  on  free  field  ground  motion  and,  of  course,  has  been  working 
in  this  field  for  quite  some  time.  With  no  further  ado,  let  me  introduce  Earl  Sibley. 

E,  A.  SIBLEY;  Good  morning  gentlemen.  We're  going  ro  run  this  session  a  little  differently  than  yuterday.  We  don't  have  a  discussion 
and  summary  se«ian;  therefore,  we  will  pick  up  the  questions  ot  the  end  of  each  paper.  At  the  individual  tpeoker  it  through  speaking  and 
while  the  material  it  still  fresh  in  his  mind  and  hit  slides  ore  still  available,  you  may  oik  questions  ot  that  tinw.  Perhaps  If  we  have  a 
little  time  at  the  end,  we  may  hove  o  few  questions  of  a  general  nature  to  ask  the  various  groups  who  ore  presenting  popen  this  morning. 

I  wonder  if  many  of  you  who  are  attending  this  Symposium  know  the  definition  of,  or  hove  looked  up  the  word  "symposium"?  I  happened 
to  just  the  other  day.  Trying  to  get  some  idea  os  to  what  I  was  goirtg  to  get  Involved  in,  I  read  to  you  from  WefasteHs  New  World  Dictionary 
of  the  American  Language,  College  Edition,  1960)  "Symposium,  an  entertainment  cSorocterlzed  by  drinking,  music  and  Intellectual 
dlscuttion."  I  think  we've  hod  oil  three  so  for.  It  does  us  well  to  look  at  some  of  these  words  that  we  so  commonly  accept.  We  were 
given  sufficient  Informotion  yesterday  In  the  session  on  wave  propagation  to  actually  make  a  ground  motion  prediction.  When  we  consider 
soil  structure  interaction,  this  Is  one  of  the  Inputs  we  hove  to  coraider;  i.e.,  to  predict  what  the  ground  It  going  to  do.  We  hove  to  know 
something  about  the  stress-time-depth  relatiarwhipt  and  yesterdoy  this  was  the  prime  concern.  We  alto  considered  the  corwtralned 
modulus  of  deformotion.  It  occurs  to  me  thot  If  anyone  were  to  moke  o  prediction  of  the  ground  motion  bated  only  on  what  wot 
discussed  yesterday,  hit  nwthod  would  raise  a  number  of  serious  questions  biraouM  there  It  onother  phase  we  hove  to  look  at. 
That  It,  how  does  the  ground  octually  reoct  to  o  dynomic  load?  Whot  ore  the  field  observations?  What  ore  the  field  measurements  of 
ground  motion?  Whot  instruments  ore  ovoiloble  for  measuring  ground  motion  both  in  the  laboratory  and  in  the  field?  This  It  whot  we 
will  bo  looking  at  today.  This  oppraoch  of  trying  to  bock  up  our  answers  ond  approaches  with  field  observations  it  not  new.  It  hot  been 
done  ond  It  continuing  to  be  done  in  the  Held  of  toil  mechonict  today.  At  o  result,  most  of  our  design  In  toll  mechanics  today  it  based  or: 
field  observation,  experience,  orrd  judgement.  However,  it  teems  in  the  emerging  field  of  toll  dynamics,  we  haven't  hod  sufficient 
field  observotlon  or  dota  from  which  to  gain  experience  to  that  we  con  me  this  wonderful  talent  of  ju^ment  thot  we  hove.  I  think  it  wot 
mentioned  yesterday  that  with  whot  we  know  a^t  toil  dynamics  today,  we're  perhaps  fortunate  If  we  con  arrive  ot  an  answer  within  o 
foctor  of  3  or  4  of  reality.  Of  coune,  I  think  we  all  wont  to  improve,  but  we  shoui^'t  be  too  discouraged  with  that  because  in  the  field 
of  toil  mechanics  there  ore  many  oreos  where  we  perhaps  con  do  no  better.  This  It  alto  true  in  the  field  of  rock  mechanics.  We  have  been 
tinkering  In  these  fields  for  o  long  time.  Our  first  talk  will  be  on  "Observed  Free  Field  Ground  Motion  from  Large  Explosions,"  given  by 
Bill  Ferret.  I  like  to  think  of  Bill  at  the  grondfother  of  free  field  ground  motion,  because  when  we  first  started  in  this  field  it  wot  hit 
literature  thot  we  scanned,  analyzed,  and  waded  through.  He  hot  been  in  this  field  for  o  good  number  of  years.  Bill  it  o  graduate  of 
MIT,  with  an  M.S.  and  a  B.S.;  he  alto  hot  done  graduate  study  in  physics  at  the  LMIversities  of  Berlin  and  Munich.  He  has  done  toil 
pressure  instrumentation  and  geophysical  exploration  at  the  Woterweys  Experiment  Station  for  about  12  years,  and  most  recently  he  has 
been  studying  for  13  years  the  underground  effects  of  nuclear  and  large  chemical  explosions  with  the  Sondio  Corporation. 
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BILL  FERRET:  Prasantation  of  formal  popar,  saa  pogas  107-117. 

E.  A.  SIBLEY:  The  next  paper,  "Inertial  Effech  and  Soil  Strength  Criteria"  will  be  given  by  Bruce  Schimming,  Assistant  Professor  at  the 
Univenity  of  Notre  Dame,  Civil  Engineering  Department.  This  paper  was  also  prepared  by  Saxe,  the  Head  of  the  Civil  Engineering 
Department  at  Notre  Dome.  Bruce  has  a  Ph.O.  in  soil  mechanics  from  Northwestern  and  has  been  at  Notre  Dame  since  1962. 

BRUCE  SCHIMMING;  Presentation  of  formal  paper,  see  pages  118-126. 

E.  A.  SIBLEY:  We  have  time  for  a  few  questions  directed  to  both  Bruce  and  Bill. 

ARTHUR  FELDMAN:  This  is  not  a  question  but  a  comment.  The  inertia  effect  you  have  been  discussing  has  been  observed,  the  same 
type  of  peak,  in  the  dynamic  tensile  tests  of  steel  reinforcing  bars  for  concrete,  the  flexural  dynamic  testing  of  reinforced  concrete  beams 
of  normal  proportions  and  of  what  we  call  deep  beams.  I  don't  want  to  challenge  your  interpretation  of  why  this  pheiiomenon  happens, 
but  I  would  like  to  say,  if  you  can  eventually  explain  why  it  hoppens,  it  will  give  us  some  insight  into  why  it  occurs  in  these  other 
materials. 

R.  H.  SIEVERS:  This  refers  to  Mr.  Ferret  and  his  last  slide.  It  appears  from  that  slide  that  there  was  an  initial  or  measurable  drop-off 
in  overpressure— the  overpressure  dropped  off  considerably  within  the  fint  few  feet  of  the  surface  which  appori  itly  is  contrary  to  what 
Dr.  Newmark  said  in  his  Opening  Address.  He  stated  that  there  was  no  significant  drop-off  in  this  overpressure  as  you  came  doMti  from  the 
surface.  It  appeared  from  your  observations  of  the  Priscilla  Shot  that  there  was  a  signiRcant  drop-off  in  thu  fint  3  nr feet  of  the  ground 
surface  of  this  overpressure,  maybe  even  up  to  30%  of  the  overpressure  os  felt  above  the  surface. 

BILL  FERRET:  This  probably  occun  within  a  distance  of  considerably  more  than  thot  3  or  4  feet,  but,  in  general,  it  probruly  is  a  result 
of  the  restrictions  inherent  to  the  size  of  source  we  ore  able  to  work  with  in  the  field.  I  suspect  that  the  some  sort  of  thing  might  occur  for 
megatons  in  several  100  feet  and  for  Priscilla  it  was  within  about  30  or  40  feet.  For  smaller  shots,  it  might  be  observed  within  a  shorter 
distance.  It  probably  is  more  serious  for  the  smaller  shots  because  of  the  higher  proportion  of  energy  that  is  within  the  higher  frequency 
region  of  the  shock  spectrum.  If  o  megaton  bunt  with  o  positive  phoM  duration  of  the  order  of  a  couple  of  seconds,  this  pressure  loss 
would  probably  be  a  minor  sort  of  a  th^ng.  For  a  kiioton  or  a  fractional  kiloton  where  the  positive  phase  duration  may  be  at  most  a 
hundred  or  two  hundred  milliseconds,  the  portion  of  the  energy  in  the  high  frequency  end  of  the  spectrum  is  relatively  much  greater  and 
consequently  it  would  cause  a  more  serious  pressure  lou  effect.  This  is  one  of  the  two  things  we're  faced  with  in  large  explosion  tests. 

One  of  them  is  that  we  aren't  allowed  to  use  big  enough  sources  (megatoru)  and  the  other  one  is  that  we  can  never  fire  any  tests  in  an  area 
where  soils  are  of  the  type  in  which  we're  interested  in  building.  People  ore  just  too  damn  stuffy— they  wouldn't  let  us  shoot  big  shots  in 
their  backyards. 

DALIM  MAJUMOAR:  The  hydrodynamic  domain  —  what  percent  of  the  total  domain  do  you  consider  this? 

BILL  FERRET:  It  is  really  defined  by  how  fast  the  pressure  will  fall  off  in  there.  Usually  it  is  not  very  large.  For  a  TNT  shot  in  soil  or 
rock  for  instance,  it  probably  extends  only  a  few  feet  beyond  the  boundary  of  the  charge.  For  a  nuclear  shot.  It  would  extend  out  tc  a 
distance  at  which  the  pressure  would  fall  to  a  certain  value.  For  irrstonce  in  FreiKhmon's  Flat  or  Yucca  Flats  soils,  it  would  probably 
extend  out  to  a  point  where  the  stress  would  fall  below  about  S  to  10  kllobon.  This  might  be  30-4(^50  feet  from  a  confined  shot.  It 
isn't  very  far  and  certainly  it's  not  of  any  concern  to  structures  because  the  stresses  are  all  so  high  that  you  couldn't  design  a  structure, 
ot  least  with  present  materials,  that  would  withstand  such  loading. 

STAN  BEMBEN:  I  should  like  to  ask  Bruce  a  question.  Did  you  make  any  pore-pressure  measurements  in  your  shear  box? 

BRUCE  SCHIMMING;  No. 

STAN  BEMBEN;  Do  you  think  then,  perhaps,  that  the  behavior  which  you  interpreted  to  be  on  increoM  in  shear  strength  is  not  merely 
a  shifting  of  the  shear  envelope  to  the  left  due  to  the  origination  of  negotive  pore-pressures?  This  would  tend  to  Indlcote  then  that  the 
shear  strength  has  not  really  changed  but  that  your  measurement  of  the  stresses  was  incomplete.  This  might  be  kind  of  Important  because 
in  application  it  would  mean  that  the  shear  strength  would  be  the  some  and  that  we  would  hove  to  be  cortcerned  else  with  the  rates  of 
loading,  and  rwt  only  with  that,  but  also  with  the  drainage  characteristics  of  the  imteriols. 

BRUCE  SCHIMMING;  Which  set  of  slides  ore  you  referring  to? 

STAN  BEMBEN;  To  both.  For  instance,  when  you  started  with  sorrd,  you  showed  thot  the  curvet  were  going  higher  and  then  when  you 
showed  the  composite  slide  in  which  the  shear  strength  of  the  one  cloy  varied  with  water  contents,  the  wetter  moteriol  appeared  to  hme  a 
higher  shear  strength.  I  was  wondering  If  perhaps  this  wot  just  a  larger  negative  pore-pressure.  It  appears  that  there  it  a  consistency 
between  both  moteriols  ottd  it  appears  that  you  reolly  didn't  hove  any  differerrcet  in  shear  strength  if  you  coraider  the  effective  stroM  corKept. 

BRUCE  SCHIMAAING;  Unleu  we  are  able  to  measure  a  pore-pressure  under  opprepriote  drainage  conditions  and  examine  this  effect,  I 
suspect  that  for  that  moteriol  and  for  those  rotes  of  loodifig,  there  should  rwt  be  that  kiird  of  variatten  In  pare-pressura. 

DWAYNE  NIELSON;  Referring  ogoin  to  this  pore-pressure,  the  Ottowo  sand  apparently  has  a  much  larger  permoobilily  or  oir  parmeebtllty 
than  the  cloys.  In  the  Ottawa  sand  with  the  higher  permeability,  the  effect  between  Hu  two  was  comparatively  smoll;  whereas  for  the 
clays  which  you  showed  en  the  slides  (especially  the  wet  ones,  which  would  tend  to  prevent  the  oir  fr^  getting  into  Ifw  sample  os  the 
sample  expanded)  would  tend  to  build  up  this  large  negative  pore-prestura  (tension)  which  has  boon  monticnad.  Dees  this  le^  <eaeenubie, 
and  if  so,  would  it  tend  to  bring  those  two  curvet  closer  together? 
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E.  A.  SIBLEY:  Our  n«xt  paper  was  prepared  by  Mr.  W.  B.  Truesdale  and  Mr.  Anderson  entitled  "A  New  Device  for  Soil  Strain 
Measurement"  and  will  be  presented  by  Mr.  Truesdale.  Mr.  Truesdale  is  an  associate  research  engineer  at  IITRI  and  also  has  his  B.S.  and 
M.S,  in  Civil  Engineering  from  NT.  Mr.  Anderson,  who  is  not  present,  is  manoger  of  the  instrumentation  and  recording  section  at  IITRI. 

W.  B.  TRUESDALE:  Presentation  of  formal  paper,  see  poges  127-137. 

E.  A.  SIBLEY:  We  are  open  for  questions. 

P.  L.  HUMMEL:  What  is  the  size  of  these  coils? 

W.  B.  TRUESDALE:  The  coil  wire  windings  are  encapsulated  in  epoxy  to  give  them  strength  and  to  insulate  them  from  moisture  effects  in 
the  soil.  The  thickness  of  the  encapsulated  coils  is  a  1/16  inch,  the  outside  diameter  is  3/4  inch. 

P.  L.  HUMMEL:  Have  you  utilized  this  device  in  measuring  these  strains  in  various  field  applications? 

W.  B.  TRUESDALE:  The  goirge,  as  is,  is  strictly  a  laboratory  device.  We  are  currently  modifying  it  to  come  up  with  a  field  gauge  based 
on  the  some  principle. 

ALBERT  KNOTT:  I  would  like  to  know  what  kind  of  problems  you  ore  experiencing  in  trying  to  place  these  in  the  field  when  you  hove 
con«>action  ptoblems  and  tryir>0  to  recreate  in  your  disturbed  hole? 

W.  B.  TRUESDALE:  Again,  it  is  strictly  a  laboratory  device  this  far.  In  the  laboratory,  the  only  uses  in  cohesive  soil  which  require 
compaction  have  beer)  iri  triaxiai  specirrwns,  and  specimens  to  be  tested  in  unconfined  compression.  As  a  check  on  how  well  w«  place  the 
coils,  we  cut  the  specimens  apart  after  testing  and  measure  mechonicolly  the  coil  separation  and  compare  Sis  with  the  spacing  as  deter¬ 
mined  by  the  electronic  outfit.  Ttie  recorded  spacing  wos  consistently  within  2%  of  the  measured  spacing  indicating  that  we  could  con¬ 
sistently  place  the  coils  within  the  limits  of  alignment  necessary  to  obtoin  accurate  measurements. 

As  to  the  problem  of  duplicating  the  soil  conditions,  the  gouge  has  been  used  in  remolded  specimens  and  the  coils  were  placed 
os  the  specimen  was  built  up.  We  would  first  loy  one  coil  on  the  soil  surface  and  compoct  soil  above  it  ond  then  place  the  second  coi! 
and  compact  odditionol  snil.  We  hod  to  maintain  a  rod  through  the  center  of  the  coils  while  applying  the  compoctive  effort,  otherwise  the 
coils  would  move  freely  since  they  are  uncoupled.  You  most  also  exercise  care  in  applying  ccmpoctive  effort  in  the  vicinity  of  the  gouge. 

In  tri'  'iai  specimens,  we  found  that  we  could  piece  the  gouge  well  with  o  single  rod  through  the  center  of  the  coils  to  hold  orientation 
using  a  Harvard  mLnioture  compaction  device  with  o  20  lb.  spring.  You  certainly  couldn't  use  a  Proctor  Hommer  or  ony  heavy  type  of 
cotnpocMon  device  ond  hope  to  place  the  gouge  within  the  necessary  requirements  on  alignment  because  the  coils  ore  uncoupled  ortd  they 
will  move  os  the  soil  moves.  To  use  the  gouge  In  the  field,  the  pr^lem  of  duplicoting  soil  condition  is  o  less  critical  one  than  with  a 
stress  gauge  where  one  has  to  rely  on  the  pressure  of  the  reploced  soil  on  the  gouge.  In  this  cose,  tfte  toil  must  be  replaced  In  exoctly  the 
same  condition  as  you  removed  it  to  obtain  an  occurote  in  situ  measurement.  The  strain  gouge  can  be  coupled  to  the  noturol  toll  surrounding 
the  excavation  mode  for  the  gouge.  With  the  field  gouge,  coil  separation  of  6  or  8  inches  will  be  used.  Perhaps,  w  e  c.ruld  take  a  core 
ov't,  which  we  coiild  replace.  Agoln,  over  the  areo  of  the  core,  certainly  we  would  hove  cixsnged  the  stress  ct^itlon,  which  would  be  o 
free  sort  of  condition  on  the  orea  of  the  core.  However,  comprestively  Ir  would  replace  the  cored  sample.  The  field  problems  we  hoven't 
started  to  get  i'  *o  yet  since  we  just  started  to  revise  the  gauge  for  use  in  the  field. 

MARC  CASPE:  What  ore  the  upper  ond  lower  limits  of  the  dimension  L  between  the  coil  disks?  Is  this  Instrument  omsKioble  to  strain 
rosette  arrangement?  Can  you  oitgn  these  things  to  get  your  three  dimensional  effects? 

W.  B.  TRUESDALE:  The  upper  limit  of  L  is,  with  the  current  gouge,  about  one  iiKh.  In  our  work  toward  developing  a  field  gouge,  we 
hove  been  modifying  the  block  box  and  it  may  be  thot  spacing  con  be  increased  about  two  diameters  uf  the  coil— whatever  the  coll  dlo- 
mater  that  we  selected.  We  ore  working  right  now  with  o  6  inch  coil;  however,  I  don't  think  we  will  go  that  large  with  the  field  gouge. 

But  with  6  inch  diameter  coils  reasonable  sensitivity  It  obtained  at  about  u  12  inch  spacing.  Thera  It  no  limit  electrically  on  the  minimum 
spacing  which  con  bo  used.  You  couldn't  get  spacing  smaller  then  the  toll  particle  tire.  This  It  certainly  a  lower  limit,  but  because  re¬ 
quirements  an  plocement  become  extremely  crucial  at  the  coils  cume  very  clese  together,  orovmd  0.3  Inch  it  o  reosonoble  lower  limit. 

I  vrauld  toy  roughly  you  con  combine  things  like  S  or  6  degrees  rotation  and  lateral  displacement  of  10  percent  of  the  oxiol  spoclt^  end  not 
Introduce  much  error.  Ton  percent  at  1/2  inch  It  only  0.05  Inch,  lets  than  i/16  of  on  inch.  When  compoctiitg  toil  around  the  coil  disks, 
this  eon  be  a  pretty  difficult  tolerance  to  hold.  At  on  Inch,  spacing  iotaral  misollgnmentt  of  about  .15  inch  have  etsenttelly  no  effect  on 
the  ability  to  accurately  measure  differentlol  changes.  Thus,  0.15  inch  gives  us  In  excess  1/8  of  an  inch  ot  a  I  Inch  tpocii^. 

At  for  trying  to  measure  strain  In  more  than  one  diraction  at  one  point,  this  it  not  currently  possible.  The  reason  for  this  it 
that  the  coils  interfere  with  one  another  when  they  ore  ploced  in  close  proximity  to  one  onother.  One  gouge  cortnot  be  pieced  within  2 
or  3  inches  of  another  without  interference  between  the  mognettc  fields.  By  the  tome  token,  they  carmot  be  ploced  extremely  close  to 
materials  which  hove  magnetic  psopertiet.  The  distance  within  which  they  con  be  pieced  near  moterfalt  with  magnetic  properties  varies, 
depending  on  the  type  of  material  and  the  relative  position.  Directly  behind  o  cei!  It  much  worn  than  to  the  tide  because  the  magnetic 
field  extends  to  grWer  distances  to  the  rear  than  to  the  tide.  Steel  it  directly  behind  the  gauge.  A  clear  sposiiy  of  3  or  4  inches  it 
required  in  proximity  to  steel— orw  of  the  wont  meterlalt;  to  the  tide,  I  to  1-1/2  inches  it  necessary. 

MARC  CASREt  This  than  would  hove  no  «m  os  for  os  the  experiment  Mr.  Sehimming  just  presented? 

W.  B.  TMMSDALEi  Do  you  meat)  to  measure  shear  strain— to  measure  the  lateral  movement  of  the  coils,  one  in  relationship  to  the  other? 
The  tonsitivily  of  the  ceils  to  closing  it  to  nveh  greater  than  to  lateral  movement  that  I  think  that  dllatattanal  effects  in  the  toil  os  it  it 
sheared  would  Introduce  large  errors  In  the  lateral  moHont  measured. 
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HAROLD  G.  MASON;  ’  hove  fhree  queslioni — firal,  wliof  is  tho  diomefar  of  the  rod  usod  to  space  the  plates? 

W.  R.  TRUESDALE:  It  is  of  stepped  diameter.  The  larger  diameter  is  0.10  inch  and  the  smaller  is  0.04  inch. 

HAROLD  G.  MASON:  The  one  between  the  two  end  plotes  of  the  gauges  is  the  larger  diameter  one? 

W.  B.  TRUESDALE;  Yes.  The  one  between  the  2  gauges  is  the  larger  diameter.  We've  marie  much  thinner  ones,  but  in  compacting  in 
cloy  specimens  we  would  break  the  tip  off.  I've  also  placed  the  coils  by  lunnirrg  o  vertfcol  string  down  thnsugh  o  test  chamber  ond  just 
sliding  the  coils  down  the  string  to  rest  on  the  soil  surface.  I  did  not  remove  the  siring,  but  on  the  compressive  meesurements  mode,  I 
don't  think  that  the  string  hurt. 

HAROLD  G.  MASON:  I'm  worried  though  about  the  cases  where  you  did  use  the  drill  us  a  centering  rod.  On  pulling  the  rod  out  after 
placing  the  soil,  it  would  seem  to  me  that  this  would  create  a  rather  large  distrubonce  of  the  soil  ond  thus  negate  oil  the  core  given  to 
placing  It  between  the  end  plates,  ond  not  make  it  very  representative  of  true  free-field  stroin.  The  second  question— what  about  dis¬ 
turbance  of  the  end  effects  of  the  plates  theiraelves?  in  triaxial  samples  for  instance,  we  try  and  maintain  o  length-to-diameter  of 
greater  than  2  to  minimize  the  end  effects.  Since  the  end  plates  of  the  gouge  are  much  closer  together,  only  one  diameter  opart,  I  should 
think  this  would  be  rather  critical  ond  hove  o  lotge  effect  on  the  obility  of  the  gauges  to  read  hue  free  field. 

W.  B.  TRUESDALE:  In  the  triaxial  specimen  there  is  definitely  quite  a  bit  of  end  effects  on  specimen  strain  in  spite  of  the  fact  that  we 
use  a  two  or  one  length  to  diameter  ratio.  This  ratio  was  selected  on  the  basis  of  consideration  of  the  stress  conditions  in  the  failure  zone 
in  accordance  with  St.  Venont's  Principle. 

HAROLD  G.  MASON:  No.  I'm  worried  about  the  gauges  themselves.  They  don't  hove  that  aspect  either. 

W.  B.  TRUESDALE:  Right.  Essentially  what  we  hove  is  a  maximum  of  1.33  to  1.  We’re  attempting  to  study  the  influarvee  of  the  gmge 
presence  on  the  strain  occurring  in  the  soil.  It  appew  to  vary  with  the  soil  stiffneu.  In  sand,  there  oppeon  to  be  more  effect  in  derue  sand 
than  in  the  loose  sond.  In  cloy,  the  opposite  appears  true  but  it  is  difficult  to  study  because  it  is  hard  to  generate  a  uniform  strain  field 
to  investigate  what  effect  the  gauge  has  on  it.  The  triaxial  specimen  definitely  does  not  hove  a  uniform  stroin  Held.  The  most  suitable 
test  we  hove  been  able  to  devise  hos  oeen  by  plocement  of  the  gouges  at  the  edge  of  a  triaxial  specimen.  The  check  on  influetwe  gouge 
presetwe  was  accomplished  as  follows:  A  number  of  points  were  marked  olnng  the  surfbee  of  the  specimen.  Fne  originol  position  of  each 
point  alor:g  the  specimen  was  plotted  os  the  abscissa,  as  shown  in  Figure  I  ('’^e  page  127),  versus  the  corresoor^ding  m^nsured  absolute 
displacement  of  each  point,  at  a  common  time.  The  curve  obtained  permits  grophicol  determination  of  the  strain  at  any  point  along  the 
specimen.  Strain  at  a  point  being  the  slope  of  the  curve,  at  the  paint.  The  curve  obtained  for  the  length  of  the  specimen  could  be 
exomined  for  distortions  consistently  appearing  in  the  vicinity  where  gouges  »ere  located.  Figure  1  presents  typical  test  results.  In  this 
test,  three  gouges  were  installed  in  the  specimen;  near  the  t^,  midheight,  and  bottom.  The  gouge  output  is  represented  on  the  fig*.<re  by 
the  slope  of  the  straight  lines  superimposed  on  the  curve  of  absolute  point  displacements.  The  curvet  do  not  thow  obvious  distractions  in 
the  vicinity  where  gouges  were  locot^  ond,  in  general,  the  slope  of  the  gouge  output  is  a  satisfactory  tangent  to  the  curve.  This  technique 
is  suitable  only  for  smoll  strains,  however,  because  of  tfw  formotion  of  shear  lines  on  the  specimen  surface  which  distort  the  curve  of  point 
displacement, 

HAROLD  G.  MASON;  The  third  question— what  was  the  size  of  the  trioxiol  specimen? 

W.  B,  TRUESDALE:  It  was  o  2.8  inch  diameter  specimen. 

HEINZ  LEISTNER:  I  believe  you  sold  you  were  planning  to  use  this  for  dynomic  tests.  Hove  you? 

W.  B.  TRUESDALE:  Yes.  The  greatest  use  has  been  in  a  study  of  strain  voriotian  In  the  trioxiol  test,  we  ran  seme  rapid  trioxiol  tests 
(Truetdole,  W.  B.,  "Strain  Variation  In  n  Trioxiol  Soli  Test,"  IITRI  for  the  AFWl,  WLTDR  64-47,  March  1964),  However,  whether  or 
not  you  would  coll  them  dynamic  it  questionable.  They  were  of  the  some  sort  of  leading  rotes  Schimming  wot  talking  about  with  the 
direct  sheer  tests.  The  gouges  also  hmre  been  used  in  tome  pressure  vessel  tests  at  lim  on  buried  tunnels,  but  this  work  has  net  yet  been 
reported.  It  It  going  or:  right  now. 

HEINZ  LEISTNER;  No  wove  propagation  of  any  sort  tieough  the  tunnel? 

W.  B.  TRUESDALE:  No.  We  are  hoping  to  use  the  gouge  in  Hdt  type  of  study.  As  yet,  we  hove  no  infarmoHon  on  this. 

E.  A,  SIBLEY:  Thank  you  Mr.  Truetdole.  George  Hoff,  Civil  Engineer  at  the  Woterwoys  Experiment  Station,  and  a  graduate  of  the 
Univenity  of  iliinols  will  review  the  "Shock  Isolation  Moteriolt— State  of  the  Art."  Note  thot  the  HHe  reedl  isolation  maierlela~mra  ore 
still  outside  the  slrsicture. 

G.C.  HOFF;  Fresentation  ^  formal  paper,  tee  pages  I38-IS4. 

E.  A.  SIBLEY:  The  next  paper  will  be  K  Or.  E.  T.  Selig,  who  wot  introduced  to  you  dveing  yesierdoys  session.  The  peper  is  entitle^ 
"Stress,  Strain,  and  Motion  AAeanuremonts  in  Soil." 

E.  T.  SELIG:  Fieaentation  of  formol  paper,  tee  pages  ISS-I7I . 

E.  T.  SELIGc  Presentation  of  formal  paper,  see  pages  172-188. 
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E.  A.  SIBLEY:  Bsfont  w«  tak«  ony  qu«ttion$,  w*  hov*  or«  oth«r  item.  It  is  o  repeat  performonce  for  30  seconds  on  negative  pore- 
pressures  in  sand  by  Bruce  Schirmning. 

BRUCE  SCHIAAMING:  I  think  there  was  o  slight  misunderstanding.  For  the  der«e  sand  which  expands  upon  shearing  you  stated  that 
possibly  therefore  you  could  develop  a  negative  pore-air-pressure;  however,  due  to  the  permeability  of  the  sand  this  would  not  occur  so 
therefore  the  strength  was  not  affected  in  contrast  to  cohesive  soil  where  its  permeability  would  be  such  that  you  could  develop  this 
negative  pore-pressure.  However,  with  all  the  cohesive  soils  tested,  we  did  not  notice  any  expansion  of  this  type.  If  anything,  it  was 
constant  volume  and  if  you  iook  at  40  seconds  or  4  miiiiseconds  this  is  basically  a  constant  volume  test.  It  seems  to  me  that  it  would  be 
conceivable  that  you  might  get  a  log  in  the  development  of  positive  pore-pressures  in  the  dynamic  cose  which  could  explain  some  of  that 
variation. 

£.  A.  SIBLEY:  Now,  we'll  take  questions  on  the  lost  two  popers. 

HAROLD  G.  MASON:  In  Mr.  Truesdole's  evoluotion  of  the  soli  strain  gouge,  he  compared  the  measurement  taken  by  means  of  the  gouge 
with  o  physical  measurement  between  end  plates  of  the  gauge  when  he  took  the  sompie  opart.  Did  he  mode  any  measurements  to  compare 
these  readings  with  a  sample  undisturbed  by  the  presence  of  the  gouge?  In  other  words,  was  another  sample  prepared  or^d  a  comparison 
mode?  Becouse  otherwise  his  evaluation  to  determine  the  influence  of  the  presence  of  the  gouge  means  only  that  the  gcuge  sees  what 
happened  in  its  presence,  but  it  doesn't  mean  that  it  has  ony  relation  to  the  free-field  strain. 

E.  T.  SELIG:  Mr.  Truesdale  may  wont  to  comment  on  this  too.  Actually,  all  we  gained  when  we  cut  it  opart  was  to  see  if  the  gouge 
was  where  it  soys  it  was-^hich,  as  it  turns  out,  it  is  in  fact.  The  problem  is  to  hove  an  indeperxlent  check  of  what  the  uniform  strain 
field  should  be  without  the  gouge  there  and  I  don't  krww  that  we  fourtd  any  procedure  which  was  sotisfectory  for  doirsg  this.  We  tried 
everythiiq)-- overage  strains,  arid  measuring  the  variations  on  the  surfoce.  All  we  could  probably  assure  ourselves  was  that  the  strain  we 
were  comporirq;  it  to  was  probably  no  better  than  what  the  gouge  was  telling  us. 

W.  B.  TRUESDALE:  There  is  no  way  of  measuring  the  final  displacement  and  saying  whot  effect  this  hod  on  the  strains.  The  only  check 
that  I  could  think  of  was  measuring  surfoce  point  displacements  and  seeing  what  effect  the  presence  of  the  gouge  hod  on  the  otherwise  free 
movement  of  these  points.  I  did  run  tests  with  otkI  without  gouges  along  the  surface  of  the  specimen.  In  the  cloy  specimera  on  some  tests, 

I  wciL'Id  get  a  nice  uniform  curve  along  the  length  of  the  specimen  for  maybe  1%  or  I- i/2%  strain.  At  larger  strains,  however,  shear  lines 
start  showi:^  up  on  the  surface  of  the  specimen  and  cause  little  jogs  and  jumps  in  the  plot  of  these  surfoce  point  displacements;  thswefore, 
it  is  very  difficult  for  much  more  than  very  small  strains  to  try  and  look  at  any  type  of  known  strain  field  to  determine  whether  or  not  the 
gouge  is  restricting  the  fm  movement  of  the  soil . 

HAROLD  G.  MASON:  But  whot  I'm  worried  about  is  thot  if  you  take  these  out  in  the  field  or  build  o  field  version  and  you  apply  this 
information  without  knowing  how  you  hove  distorted  the  field,  you  could  be  orden  of  magnitude  off.  Right  now,  I  can't  suggest  any  way 
of  evaluating  it  against  free-field  conditions,  but  I  think  you  must  before  you  suggest  that  it  is  free-field. 

W.  B.  TRUESDALE:  Orders  of  magnitude— no  I  don't  think  so.  Lefs  suppose  that  there  is  o  restriction  on  the  compressive  movement  of 

the  soil.  The  soil  around  the  gouge  is  going  to  create  arching  of  load  onto  the  gouge.  Granted,  there  certoinly  is  the  possibility  that 
there  con  be  tome  effect.  But,  I  don't  think  it  con  be  orders  of  magnitude  and  it  moy  in  fact  be  negligible.  It  is  not,  in  my  opinion, 
comparable  to  stress  gouge  over-registration  in  soil .  The  soil  pressutev  do  not  irdluenee  gouge  output  and  the  arching  phemsmeno  will  tertd 
to  move  the  coil  disks  with  the  toil . 

HAROLD  G.  MASON:  All  this  Is  o  distortion  to  thot  you  ore  not  reading  free  field  stress. 

W.  I,  TRUESDALE:  There  it  undoubtedly  stMoe  distortion.  We  don't  kitow  whether  or  not  it  it  significant.  We  hoven't  been  able  to 
generate  a  test  where  we  con  tell  for  more  then  dtoln.  The  point  you  ore  making  b  o  good  one.  I'm  not  trying  to  brush  it  aside,  but  I 
do  not  hove  sufficient  information  to  moke  o  comprehensive  stotement  on  gauge-presence  effects.  Over  the  tenge  w  ‘  ove  been  obis  to 
investigate  detrimental  effects  do  not  appear  to  be  critical. 

HAROLD  G.  MASON:  My  other  question,  Ernie,  is  did  you  ever  change  the  diometer-to-thtekness  rWio  on  the  occeleromelets?  Most 
types  deriv  j  their  sensitivity  from  femes  applied  to  thong  therefore,  ot  least  during  rise  time,  they  should  hove  on  aeceterotian  that  is 
ptoportksnal  to  the  total  hna,  which  includes  on  arching  force.  With  o  diameter'  to  thickness  ratio  of  soy  I,  this  could  be  o  very  large 
over-registsacian  dSiHng  the  e^y  times,  which  would  hove  on  effect  on  the  ecceterotians  reed  during  the  rite  time. 

E.  T.  SELiCs  It  could  be.  We  didn't  change  this  os  one  of  our  veriobies,  portly  because  ot  the  worh  that  Or.  Seamen  was  doing  with 
this  voriobie.  Again  I  think  it  depends  losgely  on  the  wove  length  of  the  pulse  with  respect  to  the  wove  transit  times.  Also  leekiiw  at 
theories  of  inclutiant  in  selMi,  it  oppeen  thot  even  with  over-registrotion  you  will  foHow  the  motion  oitnough  o  stress  concentration  con 
be  developed.  If  the  time  for  the  first  peesege  of  the  vravo  is  of  any  significance,  I  expect  the  oc^etomstet  could  be  very  sensitive  to  it. 

HAROLD  G.  MASOhb  As  long  os  there  is  e  differentiei  force  between  the  two  surfaces  theta  is  on  error. 

E.  T.  SELIGt  Yes.  But,  of  course,  you  hove  this  en  both  sides  orwe  the  wove  enguMi  the  gouge,  srsd  prior  to  this  the  arching  has  net 
yet  developed. 

HAROLD  C.  MaSONi  Once  you  get  the  equilttriwm.  But  |*m  saying  during  the  rhe  tiem  you  dwoys  hove  o  differentiei. 

E.  T.  SELIGi  That  is  true. 
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HAROLD  G.  MASON:  i  would  like  your  opinion,  Boiically,  I  found  that  the  biggest  problem  in  developing  o  gouge  has  been  inadequate 
capabilities  to  evaluate  it's  ability  to  read  the  true  free-fielH  corKlitions,  in  other  words,  to  devise  a  test  in  which  you  know  the  conditions 
well  enough  to  evaluate  the  gouge. 

E.  T.  SELIG:  Your  comment  I  think  is  very  significant,  especially  sirtce  we  hod  thot  problem  with  strain  gauges,  hoving  spent  many  hours 
trying  to  assure  ourselves  thot  we  hod  a  test  that  was  sufficient  to  evaluate  the  gouge.  It  is  probably  not  as  much  a  problem  in  stress 
measurement— you  can  visualize,  for  example,  o  large  chamber  and  the  walls  a  long  woy  off.  But  I  think  in  looking  bock  at  much  of  the 
work  that  has  been  done,  one  can  find  a  lot  of  questions  about  the  way  the  gwges  hove  been  evaluated,  and  thi*  raises  a  greet  deal  of 
question  as  to  the  validity  of  the  conclusions— how  well  the  gauges  were  really  working. 

£.  A.  SIBLEY:  As  Choirmon,  perhaps  I  should  summarize  this  session.  However,  since  time  is  running  out  and  we  are  oil  anxious  to  get 
to  lunch,  perhaps  the  shortest  conclusion  is  the  best;  therefore,  we  must  conclude  thot  nothing  con  be  concluded. 


SESSION  POUR  -  TUESDAY  PM 
STATE  OF  THE  ART 

SESSION  CHAIRAAAN:  G.  L.  Arfauthnot 

D.  A.  LINGER:  The  next  session  is  on  the  stote  of  the  ort  of  soil-stiucture  interoction.  The  Choirmon  of  this  session  is  Mr.  Guy  L. 
Aibuthnot.  He  is  the  Chief  of  the  Engineerir^  Research  Brooch  of  the  Nuclear  Weapons  Effects  Division  of  the  U.  S.  Amy  Woterways 
Experiment  Station,  Vicksburg,  Mississippi.  AV.  Arbuthnot  hos  hod  long  and  varied  experience  in  the  fields  of  weapons  effects  and 
underground  structures,  and  is  exceptionally  qualified  to  choir  this  soMion. 

G.  L.  ARBUTHNOT:  Up  until  now  our  sMsions  hove  dealt  mostly  with  free  field  phenomeno.  We've  hod  sessions  on  wove  propagation, 
stresses,  strairu,  ground  motions  ortd  instrumentation  coinected  therewith,  with  the  exception  of  the  paper  presented  by  George  Hoff. 

This  afternoon  the  emphasis  is  going  to  shift  a  bit  to  get  o  little  closer  to  the  problem  of  soil>slruclure  interoction;  we're  going  to  take  up 
o  series  of  popen  deoling  with  research  efforts  referred  to  by  Or.  Nstwmork  yesterday  momirtg  os  being  fashionable  at  the  moment.  This 
research  involves  tests  of  buried  tubes,  buried  cylirtden,  buried  cortduits  ortd  so  forth.  Professor  Linger,  with  the  possible  exception  of 
the  Chairman,  has  done  o  very  firte  job  in  selecting  the  speakers  for  this  afternoon's  seaion .  |  think  it  would  be  extremely  difficult  to 
select  0  better  qualified  group  of  people  to  faring  us  up  to  dote  on  this  currently  fdshionoble  research  field.  We  hope  to  hove  a  little  time 
at  the  eitd  of  each  paper  for  discussion  and  questions.  I  hestltote  to  Introduce  our  first  speaker  os  the  grondfother  of  this  business,  becouse 
first  of  ell  he  isn't  as  old  os  Bill  Perret.  Our  first  speaker  it  Jay  Ailgood  ond  most  of  you  know  Joy.  He  is  o  stivciurol  research  engineer 
in  the  Structures  Division  ot  the  Novel  Civil  Engiis^ng  Laboratory  ot  Port  Hueneme,  and  he  is  g^ng  to  speak  on  ‘The  Behovior  of 
ShoilowBuried  Cylinders— A  Synthesis  and  Extension  of  Contemporary  Knowlec^.* 

J.  R.  AlLGOOOs  Presentation  of  formal  paper,  tee  pages  18P*2I0. 

G.  L.  ARBUTHNOT:  ThoiA  you  J<y.  We  hove  o  couple  of  minutes  here  for  questions. 

PETE  WfSTINE:  To  obtoin  these  results  you  hove  done  dynamic  modc'ing*  I  would  like  to  ki»o<w  if  this  represents  Reynoldi**Preude,  or 
geometric  icoling?  I  onuma  o  similitude  onolysii  was  mode. 

J.  R.  ALiGOOOt  To  ovoid  intruding  on  the  session  of  tometrow  morning,  I  third:  I  will  just  toy  that  wo  may  considor  these  •  smell 
structures  rather  then  models.  I  think  this  point  will  bo  well  clarified  by  Ur,  Young's  paper  ond  others.  I'm  sorry  to  hedge  on  you  but  I 
think  It  will  bo  bolt  net  to  bo  mere  direct  at  this  time. 

MERIT  WHITE:  In  comparing  the  hydrosiotlc  buckling  with  the  ebseived  buckling  lood,  would  It  bo  leoeongble  te  eenslder  thot  when  o 
sinrcMe  such  os  o  curved  cylinder  (suckles  certdn  ports,  of  courw,  rant  move  in  wnder  the  loading  that's  eppUed?  Other  ports  oMt  move 
out  ogoinst  the  soil  ond  when  they  move  out  ogoinst  the  soil  they  ere  pushing  end  it's  herder  for  them  te  move  out  because  il^  must  ever* 
come  o  possive  toil  lesislonce  so  la  speak.  So  that  In  effect  yeur  eeHve,  walking,  cewiel  lead  is  the  lead  you  apply  to  the  erdece,  where* 
es  the  t^slar>co  that  is  built  up  causing  the  buckling  is  six,  eight,  ten  times  os  mi«h. 

J.  R.  All  GOOD:  I  think  you're  certolniy  ceimt.  And  this  u  wndeubtedly  the  reason  that,  ollhei/^  the  period  of  thow  cheuedeientlel 
waves  is  the  some  os  in  hydrasietlc  (eoding,  buckling  dees  net  occur  until  riwcti  higher  leedi.  In  other  wordb,  bwcAUng  dees  r>et  occur  until 
loadi  coHOspondirtg  to  e  much  heger  value  of  n,  the  nuedwr  of  citcunferanttal  waves.  Unfertunotely  we  dtn'l  hove  good  lelutiera  le  tell 
us  juot  whet  this  I  lod  is  el  the  pietent  time,  although  we  cottolaly  con  meke  better  eppteximetiwe  then  we  eeuM  hove  e  year  oge. 
teceuio  of  luiten's  ond  other  experiments  that  will  be  presented  ei  this  Synpestuos,  we  hove  e  much  better  idee  of  whet  ihete  bucklhtg 
loadi  ere  fat  ihsse  cylirden  end  we  knew  where  they  lie  with  respect  te  she  critlcN  buckling  leod  oe  celcvieted  Item  the  edMOlidns  of 
Ojeltvik  end  luscher  I  showed  you,  end  where  it  lies  ben«eeri  the  hydbestoNc  case  end  ihts  eloetic  luppeit  eeee. 

AIKRT  KNOTT:  Pint  of  ell,  would  you  define  whet  the  end  certdlHen  of  these  sheltors  weie  end  whet  effect  you  fell  It  hed  on  the 
sinichiral  ocHon  uf  the  medeh  or  smell  muctutesT  Secondly,  would  vou  camment  on  the  concept  ihel  if  e  iltwehite  deflecli  on  epgaecieble 
distance,  the  soil  will  then  etch  ovet  it,  thus  relieving  the  (nods  on  the  sltuctute  end  elimirwting  bucklirtg  or  Boeylete  rellegee  of  the 
structure?  This  would  ccrteipond  to  Or.  Newmetk's  cemmenis  about  the  feet  thot  he  Ml  the  buckling  wee  net  tee  gieel  e  gteMeei  In 
buried  semicircular  orelies. 

J.  R.  MlGOODt  Perhaps  Ot.  Newmeik  woe  ipeeking  In  e  different  context.  Bucklwg  is  e  teel  poelblllly.  This  wee  Rrst  shewn,  m  he 
OS  I  knew,  by  Royrtoid  Woikire,  end  it  hce  been  dtewn  subsequently  by  several  others,  seme  of  whom  on  In  this  teem.  At  pteranl  we  don't 
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know  how  to  occuratoly  d«t«rmin«  buckling,  w  ona  usually  um  o  taiga  cortugotad  plota  with  ampla  iHffnau  to  halp  pravant  luch  failura. 

Ill  raiponsa  to  your  lacond  quastion,  if  you  study  this  problam  /ou  Find  that  it's  irnpossibla  to  gat  sufficiantly  laiga  daflactions 
of  a  matal  cylindar  to  davalop  arching,  Consaquantly  avan  at  failura  you'ra  going  to  hava  tha  surfoca  load  acting  on  tha  structure,  unlass 
you  rasort  to  soma  method  such  os  allowing  slip  In  tha  bolt  holes  if  you  hove  a  bolted  section,  or  unless  you  put  a  soft  bedding  material  at 
the  invart.  This  is  almost  another  lactura.  You  find  that  whan  you  do  this  thtra  ora  several  dalatarious  affects  which  occur.  One  of 
which  is,  if  you  hwa  a  toft  bedding  and  you  allow  tha  cylindar  to  move  downward,  than  tha  toil  over  the  top  develops  o  momanlum.  Whan 
it  tries  to  stop,  its  inertia  loodt  tha  stiuctura  and  to  you  may  not  hove  Improved  things  one  iolo.  At  far  at  your  flnt  question  it  concerned 
about  tha  nunl^  of  circumferantiol  waves  and  what  their  consaquanca  it,  I'm  not  turn  I  can  give  you  any  answer  beyond  telling  you  that 
they  did  appear  to  be  axoctiy  tha  soma  on  the  side  os  the  hydrostotic  cote.  I  think  n  was  /  or  8  fw  these  particular  cylinders.  Fw  every 
bit  of  doto  that  I've  checked  against,  including  Bulton's,  wa  do  get  this  agreement  and  I  think  that  a  cylindrical  thall  hot  a  stiffnaa  such 
that  this  it  tha  way  that  it  wonts  to  behm^a. 

G.  L.  AR8UTHNOT:  In  tha  intarest  of  time  I  think  wa  hod  better  gat  on  to  tha  next  paper.  Any  dltCMsion  on  tha  rasults  of  tests  on 
buried  cylinders  would  not  be  complete  unless  we  heard  from  our  next  speaker.  Again,  Frofanor  Linger  has  avon  arranged  for  that. 

Dr.  Bulton  is  head  of  tha  stiuctuies  gioup  ot  the  Military  Engineering  Experimental  Estoblishmont  at  Christchurch,  in  South  England.  It's 
o  port  of  tha  Arny  Department  of  tha  United  Kingdom,  Ministry  of  Oafattsa.  Ha  wilt  speak  to  us  on  "Buried  TubM  Under  Surfoca  Frassura." 

F.  S.  BULSON:  FrasontoHon  of  formal  popar,  tee  pages  21 1>238. 

G.  L.  ARBUTHNOT:  Thank  you  Dr.  Bubon.  Let's  move  on  to  tha  next  paper,  and  than  perhaps  wa  con  coma  bock  and  ask  questions  to 
both  of  tha  lost  two  tpaokan.  Our  next  spaoker  is  Mr.  Carl  Wiahia,  who  is  o  senior  structural  research  angineer  at  tha  Uhlted  Research 
Services  Corp.,  ond  ha  has  hod  a  loirg  record  of  work  in  protective  research  in  genarol .  Mr.  Wtehle  will  speak  to  us  on  "A  Review  of 
Soil'Structure  Intaraetion.* 

C.  K.  WIEHLE:  FreiantoHon  of  formol  paper,  sea  pages  23^245. 

G.  L.  ARBUTHNOT:  Before  we  go  on  to  tha  next  speaker,  I  wonder  if  there  ore  ony  questions  or  discussion  concerning  ttia  papers  by 
Di.  Bulton  and  Mr.  Wtehle? 

FETE  WESTINE:  I  would  like  to  ask  Dr.  Bulton  whet  influortca  ha  felt  the  membrone  hod  on  the  preiturei  maetured  os  opposed  to  the 
pretturat  transmitted  to  the  toil?  it  seaae  to  me  that  the  deflection  and  curvotura  of  the  ammbrone  were  tigrdficeni,  and  thus  oti  important 
portion  of  tha  load  wot  carried  by  the  membrane.  Aretha  pretruret  that  you  ate  measuring  the  piesiures  applied  to  the  toil? 

F.  S.  BULSON;  Yet,  we  did  leek  kite  this  before  we  hod  started  ond  mode  tome  cekwiotions  on  this  and  we're  pretty  eonfidont  tnot  the 
ptastutes  we  shewed  ore  prastutet.  applied  to  tha  surface  of  the  toil. 

FETE  WESTINE:  This  wot  than  o  very  week  piotHc  membrane? 

F.S.  BULSON:  H  hod  o  lot  of  exteraion. 

ULRICH  LUSCHEI:  I  found  in  mf  work  that  it  wet  always  one  of  the  greatest  diffkwliiet  to  dovetop  tubes  which  could  be  used  in  the  test. 
For  inttanee,  difficulties  of  getting  them  round  end  making  the  ioinis.  I  wonted  to  ask  you,  hew  you  relied  your  square  tubes  with  the 
rounded  cornets*  end  hew  the  jeint  was  momdoctured. 

F.  S.  BULSOhb  The  |eint  wos  o  welded  joint  in  the  steel  tuboi  and  we  ohooys  hod  it  in  the  canter  of  the  lower  face  ef  the  tuba.  The 
tolling  wet  done  pretty  occurotely  in  our  work  shops,  but  I  don't  knew  the  exact  details  of  the  procedure.  Ws  meossted  tubes  aHar  tolling 
end  they  were  very  ocewtote.  They  were  formed  on  very  tmoH  roils  by  hand.  There  wet  no  mots  prornrcHan. 

KAAIE  HOCCt  As  I  undarstond  It,  yOur  eppieech  tunnels  were  rigid,  while  yore  lo^  sections  undtrv  snt  toige  deftoctient.  At  you  ore 
ecNaily  ettompHng  to  tiomlere  e  two»diamnsloi>el  conation  with  a  non -varying  pretaura  along  the  axis  ef  the  cylindar,  whet  effdet  ds  yeu 
think  the  mismatch  in  the  triffnsmet  hoti  an  yewr  resuitt? 

F.  S.  lULSONf  I  didn't  teelly  have  e  chance  le  aWke  iMs  clear  In  the  paper  but  it  will  be  clear  In  the  tepett.  Ihts  it  vary  impcitant, 
but  far  the  dspihs  of  caver  shewn  in  the  film,  they  were  rigid  rind  there  wet  very  little  diffatanee  between  rigid  end  Hexlbto  tunmoitt 
however,  whan  wo  started  using  dsop  dspths  of  caver  we  had  to  mtkm  the  hirwelt  the  tome  flexibility  os  the  spscirsen,  athetwite  thate  wet 
arching  along  the  imgitudinoi  lengths.  We  dM  serse  icili,  which  will  tppecr  bi  o  loiet  teport  drewing  the  effect  of  non  "flexible  arrd 
flexible  hmneh.  fhH  wet  done  mainly,  I  tsighf  say,  ot  the  tetuh  of  yeur  temmanlt  when  yeu  vWttd  us. 

EtM(  SOLLlOi  It  seems  to  me  that  Dr.  lulten's  esperimonis  Indiceie  ih«i  there  eouldh'i  be  any  ercMrqi  as  evMtmcad  by  the  cavo'ln 
netuie  ef  the  reef  callspss.  CewM  there  ponlbiy  be  e  Hrra  lector  which  would  indiceie  wheie  yeu  oeuM  csraldst  esehlng  or  whete  yeu 

CopMW  fivtr  f«  ivws  w  w  w  fiw  V  npf  wnifip  n  uiw  vm  ippiiMWOTt# 

F.  S.  lULSOhb  I  ptefer  tsst  lu  enewer  ihei,  but  cecToinly  rhera  esai  be  on  effect  inceilepM 

ptemute  with  depth  ef  cover.  We  toed  e  smeli  spaStoMn  leaded  ever  e  very  tage  etea,  and  ana  aasums  that  the  bee  Reid  pieoaas  with  no 
ipecimon  imat  be  urrilss*  HI  the  way  thtaugh.  If  there  it  any  disciepency  wriih  doplh.  It  eorst  ba  due  to  mm  offset  which  you  cewid  put 
undtr  the  ggnenel  hoeffng  of  ORhlng.  I  don't  knew  haw  oIm  yau  wewid  explain  ihb. 

QlIK  SOLLK);  it  soaxg  to  mg  that  with  time  the  sail  gralwt  would  teoHgn  ihsmwNas  and  rain  the  atching  affaet. 


DISCUSSION 


P.  S.  BULSON:  I  think  you're  oiking  a  question  that  rto  one  con  onswer.  The  whole  fundomentol  theory  of  arching  is  not  very  clear. 

MERIT  WHITE:  This  refen  to  the  some  question.  I  think  the  foct  that  the  squore  tubes  began  to  buckle  on  the  top  und  then  finally 
collapsed  on  the  sides,  is  proof  thot  there  was  arching. 

G.  L.  ARBUTHNOT:  Let's  go  on  to  the  next  paper.  It  will  be  presented  by  Reynold  K .  Watkins,  Professor  and  Head  of  the  Deportment 
of  Mechanical  Engineering  ot  Utah  State  Univenity.  The  title  of  his  paper  is  "DMign  Tretuis  in  Buried  Flexible  CorKkiit." 

R.  K  .  WATKINS;  Presentation  of  formal  paper,  see  pages  246-2S5. 

G.  L.  AIBUTHNOT:  Thonk  you.  Or.  Watkins.  I  think  we  hove  time  for  questions  if  we  hove  some. 

G.  F.  WEISSMANN:  Did  you  consider  the  price  in  comparing  installed  flexible  conduits  with  rigid  conduits?  I  am  pretty  sure  that 

installed  flexible  conduits  become  more  expensive  than  the  rigid  one  if  special  irerKh  preparations  hove  to  be  mode  or  selected  backfill 
has  to  be  used. 

R.  K  .  WATKINS:  I  hove  not  been  concerrted  with  prices  personally,  but  those  for  whom  we  should  reduce  this  to  practice  ore  connseted 
with  prices.  And  I'm  sure  the  ^eat  demand  for  more  information  on  flexible  culverts  os  well  os  rigid  culvwts  would  confirm  the  fact  that 
there  ore  orecs  in  which  flexible  culverts  can  con^pore  very  favorably.  Others  of  you  have  much  more  experience  in  this  than  I,  otkI  I 
would  welcome  some  help. 

H.  P.  HARRENSTIEN:  I'm  your  kelp.  We've  considered  cost  effectivertess  of  applying  this  type  of  structure  to  ocluol  survivol  shelters 
ortd  I  think  when  you  consider  ir«e  extra  toughnen  thot  the  flexible  moterlal  hos  over  ortd  above  the  rigid  conduit,  the  cost  effectivertess 
of  this  system  is  much  better  because  o  flexible  culvert  can  resist  much  higher  loads,  particularly  in  blast,  than  it  is  desigrted  for  by  these 
procedures,  oitd  the  rigid  tend  to  have  their  problems  with  this  active  settlement  ratio. 

MARC  CASPE:  Do  you  feel  there  is  otty  application  of  this  soils  arch  concept  in  areas  of  high  seismisity? 

R.  K ,  WATKINS:  I'm  sure  there  is.  I  hestitote  becouse  I  don’t  krtow  the  dogree  to  which  it  would  be  opplicoble.  I  like  to  think  in 
terms  of  o  moronoiy  arch  design,  in  the  design  of  our  toil.  Mesorsory  arches  teem  to  work  foirly  well  in  areas  of  seismic  activity.  So  long 
os  we  hove  something  to  reinforce  the  hole,  or  to  reinforce  the  toil,  then  I  believe  we  con  get  by,  although  I  don't  know  the  degree  to 
which  we  con  get  Ly. 

R.  H.  SIEVfRSt  It  appears  there  it  o  direct  conflict  between  the  monrser  in  which  you  recommend  that  the  earth  be  compacted  over  this 
flexible  etch  structure,  to  that  which  has  "TT**'**^  in  recent  design  mortuols  for  pretMtive  contlntction  of  such  structures.  These  manuals 
sey  that  the  soil  should  be  very  highly  compacted  edioeent  to  the  strueturo,  I  thfok  up  to  the  Z/i  point,  and  loose  above  It,  over  the 
sifucture  end  to  the  tides.  Nihcps  Professor  Heittwqnger  would  be  more  eapoble  than  I  et  resolving  this,  it  it  true  that  your  structures  ore 
primarily  for  highway  ettd  net  blest  design,  whereei  these  ore  more  in  the  protective  ttiucturos  line? 

R,  K ,  WATKINS:  Thh  is  true.  I'm  interested  mere  in  the  ttor.4point  of  highwoy,  oirport,  eortfwfiil  design,  I  wottder  if  the  corteept  of 
loose  sell  obeve  the  pipe  followi  sesssrohat  the  "imperfect  ditch  method  of  plocemeni"  so  foot  we  con  reduce  the  load  on  the  fop  of  the 
pipe.  If  this  it  true,  then  I  would  odd  thot  the  way  to  reduce  this  load  is  to  somehow  support  the  toll  above  the  pipu  by  o  meth^  other 
then  the  pipe  itself.  It  teems  fo  me  that  tewthew  we've  got  to  come  to  the  toil  etch,  otw  woy  or  the  other. 

L.  H.  GAMIELi  The  teree  "flexible*  and ‘‘rigid*  conduit  ore  semewhor  Illusive.  If  you'll  permit  me  o  definiiictt,  then  |  may  hove  o 
tsmssent  fo  tvehe.  K  we  contldii'  e  flexible  cendt  it  et  e  structure  lew  sHli  then  the  tuttounding  toil,  end  e  rigid  corsduil  o  tliuclure  mere 
still  then  the  lutseundfog  soli,  then  I'll  precead. 

R.  K.  WATKINS:  I  would  lihe  fo  extand  ta  you  the  priviiedgc  nl  proceadk^g.  I  iMtA  you  hove  fo  define  whoi  you  maan  by  trill,  if  you 
mean  thfo  raifocHen  In  orae  concept*  *he  stssprettibiHty,  this  would  be  difletarrt  from  telking  about  the  flexibility  stifinott. 

l.N.  OARRttlt  rm  thinking  el  naxM%  sHHnets. 

R.  K.WATKINSc  All  right. 

I.  H.  I  would  Ilka  ta  tepatt  vaty  briefly  on  eome  woih  that  has  been  going  an  or  Secremanfo  State  CeUegt.  It  was  hero  that 

wa  tan  into  e  phanemanen  that  at  Utet  wa  thought  wei  the  ieotngemeni  of  e  buchilng  pha'fomewan  bu^  wa'ro  oemfog  to  the  eanclutian  that 
it  can  ptabebly  be  moro  epHy  descilbid  es  e  wedging  type  aetten  fobfog  pleca.  With  a  cirewter  carefoit,  flaxtble  in  berH:lng  stllfoess,  ce 
ceisifed  M Mfsownding  toil,  Hitt  with  law  laadi  (theta  eta  isaric  highway  toedb)  wa  found  a  shot  toning  of  the  vattieol  dieweter  end  e 
tang  thing  el  the  hortaeniel  dleaafot,  as  one  wauW  espect.  wa  triad  very  Nad  to  atiiva  e*  campetibitity  betuiean  what  wa  fourtd  in  tema 
ettumai  petasfotats  foi  an  ilesttclty  sohition  on  this  pipe,  «Nch  wet  :jede  out  at  cancrote,  but  hoving  found  no  carpetibility,  we  ioeked 
for  aroet  where  we  mlghi  rectify  eur  aauimRtisns.  W»  fo^  that  if  w#  were  fo  InctsMia  the  peithis  prateura  nf  the  vmy  util  wotis  of  the 
tide  by  Iwsroeiing  the  food,  the  pipe  would  tartfo  into  e  nesiawet  erco,  nesrewer  cwte  tectlen.  Wl^  we  did  find  eventwelly  was  e  con»- 
irieta  tavaiwl.  We  found  that  the  heriiental  dioeafors  stattad  goimg  in  the  ether  dfotetien  with  heavier  foedb  new  befog  inpeesd  upon  ihv 
pipe,  end  thot  the  vaitfoat  dlenasets  lengthened,  which  of  cauTse  completely  rovetwt  ih#  straw  Held  end  the  tirofotiaid^  g,  gne  might 
aapact.  Wa*t*  cenHrerfog  wHh  Hwm  things  and  we  tape  that  iHs  in  iisait  msy  food  fo  tema  idee  of  why  Ifoae  pi.ros  cony  to  rwrch  mero 
fo^  than  they're  sxpecied  to,  if  ena  pet  wanted  fo  tuptriepeis  the  elooHcity  tefotfon  on  them. 


SOIL-STRUCTURE  INTERACTION 


J.  D.  HALTIWANGER:  P«H'.ap»  I  should  comrnent,  or  more  oppropilafely,  perhaps  I  should  go  bock  and  read  the  Air  Force  Design  A^anual, 
with  which  I  have  hod  some  contoct.  I  don't  remerrber  seeing  in  thof  manual  the  reference  that  you  made.  I  think  it  rather  unlikely.  If 
my  memory  sorves  me  correctly,  I  think  we  suggested,  that  in  back-filling  around  culverts  or  cylindrical  structures  of  this  sort,  the  back¬ 
fill  be  made  uniformly  dersse  in  order  to  avoid  soft  spots,  and  thereby  reduce  the  possibility  of  failure  by  buckling.  I  don't  know  what 
other  manual  you  may  hove  been  referring  to. 

R,  H.  SIEVERS:  Here  you  have  a  circular  structure  or  an  arch  structure.  You  could  compact  very  highly  up  to  this  2/2  ds.  point,  al¬ 
though  it's  very  hard  to  compact  above  this  point  in  any  cose,  but  the  compaction  above  this  point  was  not  really  so  essential.  What  you're 
trying  'o  dc  is  provide  the  resistance  for  this  structure,  to  build  up  a  resistance  to  pressure  at  the  sides.  The  compaction  at  the  top  was  less 
signifi  :ant  and  it  may  not  be  os  critical  os  that  achieved  at  the  sides.  That  is  not  taking  into  consideration  the  possibility  or  desire  to 
achieve  any  soil  arching  over  the  structure. 

HOWARD  WHITE:  In  your  own  state  here,  ocross  the  northwest  comer,  there  is  a  15  foot  diameter  pipe  under  80  feet  of  fill,  which  might 
be  of  interest  to  you.  I  would  like  to  suggest  that  I  believe  there  is  a  good  deal  of  information,  not  perhaps  directly  for  blast  shelters  but 
certainly  in  the  design  of  these  conduits,  that  probably  could  be  gained  by  installations  already  in  the  field.  When  you're  talking  about 
the  deliberate  building-in  ai  the  sides  of  Hie  structure  of  a  soft  or  yielding  situation,  this  is  good  for  extreme  caser-  of  high  fills  in  which  it 
might  be  more  economica!  to  do  then  it  would  be  to  put  it  in  the  metol.  But  you  must  look  at  that  in  view  of  the  use  of  this  structure.  If 
the  cover  is  reasonably  shallow  on  top  of  the  structure,  it  may  be  more  desirable  to  put  more  metal  in  the  struch>re  and  compact  very  hardly 
all  oround  the  structure  in  order  to  sove  the  roadway,  which  after  all  is  the  reason  for  holding  the  fill  up  there. 

G.  L.  ARBUTHNOT:  Now  we  should  go  on  to  the  last  presentotion  of  this  session.  Our  last  speaker  is  Dr.  Van  Horn.  He  is  currently 
o  Research  Associate  Professor  of  Civil  Engineerii  in  the  Concrete  Division  of  the  Fritz  Laboratory  at  Lehigh  University.  Dr.  Van  Horn 
will  speak  on  "Analysis  of  Time  Dependent  Loads  on  Underground  Structures." 

0  .  A.  VAN  riCRN:  Presentation  of  formal  paper,  cae  page,<  256-282. 

G.  L.  ARBUTHNOT:  Are  there  any  questions  oi  comments  for  Dr,  Von  Horn? 

PETE  WESTINE:  On  the  previous  paper,  we  have  a  question  concerning  whether  or  not  one  could  depend  upon  orching  under  seismic 
loadings.  In  his  book.  Dynamics  of  Bases  end  Foundations  (translated  from  Russian  into  English  hy  Dr.  Tschebotarioff),  Barkan  reports 
that  under  vibratiorts  of  certain  frequencies,  granular  soils  lose  oil  shearing  strength  and  become  essentially  o  fluid.  In  such  a  medio,  I 
hardly  balieve  one  could  depend  on  arching  to  occur.  I  do  nOt  know  what  frequencies  are  involved;  however,  earthquakes  with  their 
specho  of  frequencies  could  initiate  such  a  phenomena, 

R.  K  .  WATKINS:  Do  the  Russions  soy  onyfhing  obout  a  criticol  density  of  material  I  con  see  if  the  moterial  is  of  sub-criticol  density, 
that  !$,  if  on  vibration  it  v.ill  reduce  its  volume  that  this  weuid  easily  be  the  cose.  However,  if  the  soil  is  compacted  sufficiently  so  that 
ony  vibration  would  ';ause  it  to  increase  in  volume  a  different  sitvation  would  exist. 

WALTER  LUM:  We  ‘iov«  all  quoted  Terzoghi  today  but  we  never  followed  him  up;  what  he  soys  in  his  book,  Theoreticoi  Soil  Mechonics, 
and  whov  he  does  in  ti«  field  is  something  difterent.  One  paper  thot  I've  found  on  the  static  loads  on  tunnels  and  on  the  design  of  under- 
ground  s'..“ucNres  that  has  gone  unnoticed  todoy  is  a  paper  thot  Terzoghi  h"d  written  on  the  Chicago  sobwoys  in  1943  in  the  ASCE  Trans¬ 
actions.  In  this  paper,  he  telis  you  all  the  parameters  thot  effect  the  loads  on  on  underground  structure;  the  soil  above,  the  soil  on  the 
sides,  the  soil  below,  end  the  manner  in  which  Hw  work  is  done.  Arching  is  a  temporary  effect  ond  in  plastic  soils  because  of  creep,  the 
full  overburden  load  con  be  expected.  The  main  thing  that  Terzoghi  brings  oi-t  in  the  importance  of  how  the  work'is  done  and  irs  effect  on 
arching.  Dapendinp  upon  the  workmurihip  in  the  field,  arching  above  on  underground  structure  can  hove  a  wide  range  of  values. 

MARC  CASPE:  As  far  os  Boston's  reference  is  concerned  this  is  quite  correct  ond  this  hos  been  substontiated  by  the  Japanese  in  "shaking 
table"  analyses.  The  comment  os  for  ot  derwiry  i:  sonesmed,  this  is  basically  true  that  there  is  no  increase  in  lateral  pressure  on  o  dense 
toil  us  you  would  get  in  a  loose,  unconsolidated  soil.  But  the  ar.hing  action,  the  octuol  0,  you  hove  to  coi;sider  this  as  completely 
destroyed,  I  think  this  oppUes  also  to  thn  paper  that  Dr.  Von  He.ni  has  presented.  He  mentioned  thot  the  c  would  be  destroyed,  ond  I'm 
afraid  the  0  would  olso  be  destroyed,  in  pasting,  os  far  os  open  cut  design,  which  we  are  doing  right  now  on  the  San  Francisco  rapid 
tronsit  district,  using  lollder  beam  and  lagging,  this  is  a  typical  cose  in  point  where  you  consider  the  orching  from  soldier  pile  to  soldier 
pile.  In  this  cose  we  feel  we  have" to  toke  into  account  tor  the  logging  design  such  on  occorence  since  it  might  be  a  year  or  so  before  the 
octuol  support  might  be  irt  position.  The  logging  must  Pe  designed  for  some  degree  of  lateral  pressure,  which  is  not  usuolly  the  case. 

DWAYNE  NIELSON:  I  might  shed  some  light  on  this  seismic  looding.  Here  o'  the  Ltniversity  of  Arizona  we  have  a  small  blest  simulator 
tl«r  we  hova  been  testtr.j  !n  the  lobs.  In  thlr  simulator,  v>e  hen'e  a  in«ll  cell  about  4  to  6  inches  In  diameter.  The  cell  has  three  rigid 
posts  on  which  strain  gcH.'pet  hove  been  placed  to  meotv>e  the  loods  transmitted  to  the  structure,  Stotic  and  dynomic  tests  were  made  and 
it  wos  found  thot  o  larger  static  pressure  was  trorumltted  to  the  burled  structure  fNin  dynamic  pressure.  Our  cfynomic  pressures  were  usually 
obout  75%  of  the  magnitude  of  the  stotic  pressures  transmitted  to  thot  structure  ot  oriy  given  depth.  The  rise  time  of  these  dynomic  tests 
wot  of  the  order  of  1  millisecond.  The  durnrion  of  the  impulse  wot  about  ’  second  duration .  In  each  cose  the  material  used  was  a  clean 
concrete  sand. 

D,  A.  VAN  HORN:  Wos  the  peak  pressure  the  some  in  both  cotes,  thot  it  to  toy,  was  the  peck  pressure  in  the  dynamic  tests  equal  to 
the  maximum  pressure  in  the  stotic  test? 

DWAYNE  NIELSON:  Thot'i  right,  in  the  static  test  the  pressure  was  held  constant  or  raised  uo  over  o  relatively  lorsg  period  of  time,  soy 
5  to  10  minutes,  and  in  the  dynamic  tests  it  was  set  off  with  the  hydrogen-oxygen  mixturegncl  allowed  to  decoy  In  the  matter  of 
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approximately  a  second.  The  rise  time  was  obout  one  millisecond. 

D.  A.  VAN  HORN:  With  what  kind  of  on  h/jl  ,  or  a  depth-dimension  ratio? 

DWAYNE  NIELSON:  It  didn't  seem  to  moke  too  much  difference  obout  what  depth  the  structure  was  buried. 

D,  A,  VAN  HORN:  This  is  exactly  what  this  analysis  will  show.  I'm  certoinly  not  saying  that  this  is  a  lost  word;  I'm  just  soying  that 
for  a  few  different  cases  thot  I  computed  by  this  method,  which  I  did  not  show,  I  found  thot  the  percentage  goin,  thot  is,  going  the  other 
way,  taking  a  peak  overpressure  which  would  produce  the  some  effect,  is  roughly  25%  greater  for  sand,  which  would  be  the  some  thing. 

If  you  pulled  the  peak  overpressure  time-dependent  down,  you  would  produce  only  about  80%  of  the  effect.  So  this  is  definitely  in  line 
with  this  analysis.  I'd  like  to  see  your  data. 

DWAYNE  NIELSON:  There  is  one  other  consideration  I  would  like  to  point  out.  Although  the  structure  wos  rigid,  it  did  hove  a  flexible 
or  membrane  type  roof  over  the  surface,  so  the  surface  would  dish  down  in  a  membrone  configurotion. 

G.  L.  ARBUTHNOT:  The  five  papers  presented  in  this  session  irrdicate  thor  there  is  indeed  appreciable  attention  being  directed  toward 
tests  of  buried  cylinders.  Also  indicated  are  sottm  errcouroging  research  results  for  small  cylinders  buried  in  dry  sand.  Whether  or  not  these 
efforts  are  currently  fashionable,  they  stem  from  o  real  and  urgent  need  for  design  procedures  applicable  to  economical  protective  under¬ 
ground  structures.  Buried  cylinder  studies  are  an  initial  approach  to  a  solution  of  the  problem  of  designirrg  real  structures  to  be  located  at 
various  depths  in  both  soil  and  ix>ck.  The  discussions  that  followed  the  presentations  of  the  five  papers  pointed  out  many  of  the  real  problems 
with  which  we  are  faced. 

In  order  to  advance  significantly  the  state  of  the  art,  it  is  necessary  thot  we  move  from  the  dry  sand  case  to  other  types  of  soil 
OS  well  as  other  types  of  structures,  in  addition,  it  is  necessary  that  the  results  obtained  from  these  smoil  structures,  or  model  tests,  be 
scaled  to  the  reol  situation,  thus  other  needs  ore  indicated.  There  is  an  urgent  need  for  the  development  of  procedures  for  modeling 
structures  buried  in  soil  or  rock,  from  v/hich  test  results  con  be  obtained  and  analyzed  with  o  fair  d^ree  of  confidence.  Currently  there 
are  several  simulation  devices  suitable  for  tests  of  small  buried  structures  or  small  models;  however,  sizes  of  tt«  structures  are  extremely 
limited.  Therefore,  we  need  blast  simulation  devices  in  which  high  overpressures  of  long  duration  over  a  Icrge  surface  area  can  be  pro¬ 
duced  in  order  that  larger  model  structures  con  be  tested. 

The  cost  of  full  scale  tests  are  such  that  we  can  never  hope  to  solve  all  of  our  problems  at  the  Nevada  Test  Site,  even  if  the 
current  test  ban  is  lifted  and  we  ore  able  to  go  back  to  above  ground  and  surface  bunts  of  full  scale  weapons. 


SESSION  FIVE  -  WEDNESDAY  AM 
SIMILITUDE  AND  MODa  STUDIES 

SESSION  CHAIRMAN;  J.  R.  Aitgood 


D.  A,  LINGER:  The  Session  Chairman  for  this  session  on  model  studies  is  Mr.  Joy  Allgood,  who  is  quite  weil  known  to  all  of  us  for  his 
extensive  and  outstanding  contributions  in  testing  underground  structures.  He  is  presently  a  Research  Engineer  with  the  Novel  Civil 
Engineering  Laboratory  at  Port  Hueneme.  With  no  further  ado,  let  me  introduce  Joy  Allgood. 

J.  R.  ALLGOOD:  Thank  you, Don.  Gentlemen,  the  session  this  morning  treats  the  modeling  problem.  Our  first  speaker  is  eminently 

qualified  in  this  area  of  knowledge;  he  is  on  associate  of  Glenn  Murphy,  who  is  co-outhor  of  the  paper,  whe  hos  as  you  know,  author^ 
a  book  on  this  subject,  arrd  has  long  experience  in  tmdeling  work.  Dr.  Young,  who  will  present  the  paper,  has  his  Master's  degree  and 
his  Ph.D.  degree  from  Iowa  State  University.  We  ere  very  pleosed  to  hove  Don  with  us  to  present  his  paper,  "Similarity  Requirements  for 
Underground  Structures." 

D.  F.  YOUNG;  Presentation  of  formal  paper,  see  pages  285-295. 

J.  R.  ALLGOOD:  We  hove  time  for  a  few  questions  here. 

HAROLD  G.  MASON:  This  is  not  a  question,  bur  rather  a  comment.  I  think  the  bump  furthest  out  of  the  traces  moy  be  a  reflection  from 
the  bottom  of  your  tank.  It  works  out  to  be  ab^t  the  right  time  based  on  velocities  thot  we  hove  for  this  sand.  The  first  bump,  the  one 
closest  to  the  peak,  i  think,  may  be  the  effect  of  rarefaction  due  to  side-wail  friction.  You  get  a  rarefaction  wove  traveling  in  toward 
the  center  when  the  container  has  side-wall  friction.  At  shallow  depths,  the  loss  due  to  s.'de-wall  friction  is  small  so  the  rarefaction  or 
unloading  from  the  incident  stress  is  small.  At  greater  depths,  the  effect  of  side-wall  friction  becomes  greeter,  and  therefore  the  unloading 
wave  it  greater,  the  effect  appearing  on  the  streu-time  trace  at  a  larger  bump.  Your  one-inch  structure  having,  I  gother,  two-inch  burial 
it  pretty  shallow  so  the  rorefrction  coming  from  the  tide  wall  hat  very  little  or  no  effect.  The  deeper  you  go  for  the  larger  structures,  the 
larger  the  effect. 

D.  F.  YOUNG:  May  I  ask  you  a  question?  How  did  you  calculate  the  time  to  the  second  biimp? 

HAROLD  G.  MASON:  Using  650  feet  per  second  for  the  velocity  down  to  the  bottom  and  bock,  you've  lost  some  of  the  stress  magnitude 
due  to  side<wall  friction.  My  gueu  is  you've  lost  something  around  70%  of  the  peok  streu  down  and  probably  somethirg  coming  bock. 

D.  F.  YOUNG;  We  tried  to  check  this.  It's  an  obvious  thing  to  check.  I  don't  remember  what  numbers  we  were  using,  but  It  didn't 
look  like  it  was  a  bottom  reflection.  This  it  the  thirtg  I  first  suspected.  Maybe  we  didn't  use  the  right  number  for  the  seismic  velocity. 
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HAROLD  G.  MASON:  I  don't  know  whot  $and  you  wore  using,  t  just  took  tho  numben  that  w«'d  gotten  for  this  stress  level. 

J.  R.  ALLGOOD:  Are  there  other  questions? 

R.  K.  SIEVERS:  It  would  seefn  that  the  period  of  vibration  in  the  fundamental  mode  of  these  very  small  structures  would  be  very  critical 
in  determining  whether  or  not  you  do  have  on  instantaneous  rise  time.  I  wondered  if  these  hod  been  computed  and  compared  to  the 
menured  rise  time  of  this  shock  wave? 

0.  F.  YOUNG:  We  do  know  approximately  what  the  periods  are/  but  these  are  for  cylinders  in  air.  I'm  not  sure  whot  the  period  is 
when  they  ore  buried  and  I  think  this  is  on  important  unknown.  Maybe  some  of  the  poeple  here  have  information  on  that,  but  we  don't 
know  whot  the  natural  period  is  for  the  buried  structures.  We  do  know  what  they  are  in  air,  but  they  could  be  quite  different,  and  in  my 
opinion  may  be  quite  different. 

J.  R.  ALLGOOD:  We  hove  set  off  small  chorges  of  high  explosives  over  cylinders  in  our  test  pit  and  while  we  were  able  to  determine 
the  buried  frequency  of  similar  sized  arches,  we  were  not  successful  in  determining  the  frequency  of  the  cylinders.  Oscillations  damp 
out  rather  rapidly,  thus,  I  would  suspect  frequency  determination  would  be  doubly  difficult  for  the  relatively  thick-walled  cylinders  that 
you  are  working  wi‘h. 

J.  I.  BUSTAMANTE;  I  think  you  mentioned  that  the  time  vrs'iable  was  very  important;  however,  it  seems  thot  you  didn't  take  it  into 
proper  consideration,  if  your  geometric  ratios  ore  from  I  to  4,  the  time  should  be  included  in  the  same  ratio.  The  fact  that  you  found 
very  good  agreement,  at  least  statistically,  seems  to  indicate  then  that  you  should  take  this  agreement  into  consideration  and  not  say  from 
it  that  the  time  is  not  an  important  variable.  Time  is  usually  very  important  and  would  seem  to  be  very  important  ’  this  cose.  However, 
when  you  hod  differences  in  geometry  which  is  another  one  of  four  important  variables,  and  you  didn't  take  time  into  consideration,  and 
the  agreement  was  so  good,  wouldn't  that  seem  to  indicate  that  the  time  is  not  important.  My  question  is  essentially,  did  you  take  intc 
consideration  the  time  units? 

D.  F.  YOUNG:  The  shape  of  the  looding  pulse  is  important  and  this  is,  of  course,  time  dependent,  I  think  the  reason  that  we  ended  up 
with  good  agreement  here,  even  though  the  duration  of  the  pulse  was  not  scaled,  is  the  fact  that  as  far  os  the  cylinder  is  concerned,  the 
pulse  looks  like  a  step  pulse,  so  we  were  scaling  it.  Other  tests  we  hove  run  where  we  did  not  have  an  instantaneous  rise  but  a  rise  time 
of  a  fraction  of  a  millisecond.  Indicate  that  you  do  hove  to  scale  the  loading  pulse  in  order  to  get  good  results.  So  the  time  is  important. 
We  neglected  it  here  because  we  hod  to,  but  I  think  because  of  the  shope  of  the  loading  pulse  it  took  core  of  itself,  but  It  is  an 
important  parameter. 

J.  R.  ALLGOOO:  I  think  that  about  takes  care  of  our  time.  As  Don  pointed  out,  I'm  sure  the  important  parameter  is  the  ratio  of  noturol 
period  to  the  duration  of  the  load,  and  if  one  has  on  effective  step  lood,  os  far  as  the  cylinder  is  concerned,  that  is  the  important  thing. 
Our  next  speaker,  to  odd  further  enlightenment  to  the  compreheruion  of  the  modeling  problem,  is  o  gentleman  who  is  currently  completing 
the  requirements  for  his  Ph.D.  degree  at  Iowa  State  University.  He  is  Captain  Robert  Tener,  currently  at  the  Woterwoys  Experimental 
Station.  He  is  presenting  a  paper  entitled,  "The  Application  of  Similitude  to  Protective  Construction  Research." 

R.  K.  TENER:  Presentotion  of  formal  paper,  see  pages  296-302. 

J.  R.  ALLGOOD:  Are  there  questions  for  Captain  Tener? 

E.  T.  SELIG:  This  question  probably  could  be  answered  by  either  of  the  first  two  speokers,  I  think  Ottawa  sand  or,  in  fact,  any  sand, 
has  a  porticulor  property  with  respect  to  scaling,  if  it's  parameter  of  strength,  which  Is  token  as  0,  it  dimenilonlen  In  itwif.  Hwe  you 
noticed  or  do  you  anticipate  problems  of  scaling  with  cohesive  soils  where  the  scale  factors,  the  dimentionlett  groups,  will  be  such  that 
some  scaling  of  cohesion  will  be  required  in  tlie  test? 

R.  K.  TENER:  That  Is  a  very  pertinent  question.  I  think  not  for  this  reason.  The  dimensional  arralytit  which  leads  you  to  scale  materiel 
properties  having  the  dimensions  of  o  streu  as  1  indicates  that  if  cohesion  It  a  significant  variable  in  the  arralytit  then  cohesion  can  scale 
os  I .  Then  the  proper  provision  for  modeling  the  strength  properties  of  the  cohesive  material  will  enable  you  to  use  the  some  material  In 
model  and  prototype.  There  It  a  draft  of  a  report  presently  at  the  Woterwosy  Experiment  Station  to  be  published  soon  which  regards  the 
scaling  of  the  material  propestles  of  buckshot  cloy,  a  highly  plastic  cioy,  and  which  '  s  tome  very  fine  eonsideretlons  regarding  the 
scaling  of  these  materials.  Since  you've  opened  the  subject,  I  would  like  to  point  out  one  other  thing.  We  are  fbrturwte  as  long  os  we 
test  in  dry  gronulor  material  regarding  time  scaling.  At  Or.  Young  pointed  out,  hit  cylinden,  likewise  our  arches,  are  hit  by  a  virtual 
step  pulse  because  of  "shocking  up"  in  sand.  Thus  the  ratio  of  the  rise  time  to  the  natural  period  of  the  structure  is  virtually  zero  except 
for  very  very  small  structures.  When  we  get  Into  cohesive  materials,  this  will  not  be  the  cate.  The  rite  time  will  be  finite  ortd  may  well 
be  of  the  order  of  magnitude  of  the  natural  period  of  the  structure.  Here  it  where  time  scaling  it  going  to  become  much  more  significant 
than  we  hove  teen  in  any  of  our  studies  yet. 

PETE  WESTINEs  When  investigotlng  the  strain  rate  effects  of  cloys,  were  any  of  your  toils  partially  or  completely  saturated? 

R.  K.  TENER]  Yet,  the  work  reported  by  Carroll  for  the  Univenity  of  Illinois  and  done  of  WES  involved  partially  saturated  plastic  cloy. 
These  were  dynamic  trloxiol  compression  tests. 

PETE  WESTINEi  In  dynamic  problems  under  high  rates  of  loading,  negative  pore  pressures  may  develop.  Once  negative  pore  pressures 
develop,  cavitation  may  occur.  Do  you  feel  pore  pressure  and  cavitation  effects  con  be  modeled? 
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R.  K.  TENER:  It  is  only  necessary  to  model  if  it  is  important  to  the  response  which  you  ore  trying  to  predict.  Present  tests,  in  general 

and  almost  without  exception,  are  run  in  loading  devices  which  involve  membranes  obove  the  test  specimen  to  prevent  dyncmic  pore 
pressures  from  being  o  large  factor;  thot  is,  meet  of  the  stress  is  transmitted  by  effective  or  intergranular  stress.  Effectively  then,  in  our 
test  medio,  I  think  pore  pressures  have  not  yet  been  overly  significont.  As  for  os  the  need  for  scaling  their  effect  goes,  I  think  this  is  a 
matter  for  conjecture.  In  my  opinion,  i^'s  not  going  to  be  too  important. 

PETE  V/ESTINE:  How  con  you  soy  that  pore  pressures  ore  unimportant  when  we  are  unable  to  measure  them  dynamically?  You  hove  no 
idea  what  pore  pressures  you  had . 

R.  K .  TENER:  I  agree  but  the  proof  is  in  the  pudding.  If  you  don't  wony  about  it  ond  you  con  successfully  predict  by  means  of  a  scale 
model,  then  I  hold  that  you  do  not  need  to  consider  it. 

ABNER  SACHS:  In  the  last  two  days,  people  hove  been  using  the  word  "steel"  without  giving  us  any  indication  of  the  physical  properties 
of  the  types.  Now  you've  shifted  to  "oluminum"  and  you've  changed  the  physical  properties  of  your  arch  considerably.  Are  you  going  to 
be  able  to  correlate  your  answers  or  are  you  going  to  give  us  or.other  set  of  variables  that  can't  be  used? 

R.  K .  TENER:  The  first  point  I  would  like  to  moke  is  that  the  work  which  we  ore  doing  at  WES,  and  I  think  I  speak  for  Or.  Young's  study 
also,  is  not  intended  to  be  specifically  related  to  any  field  prototype  situation.  These  ore  basic  scaling  studies  to  verify  the  similitude 
relationships.  With  particulai  caution  and  exceptions,  what  holds  for  aluminum  elastically  should  hold  for  steel  elastically  os  long  as  we 
do  not  exceed  the  yield  point.  Now  when  we  get  into  inelastic  behavior,  there  are  going  to  be  additional  considerations,  and  presently  I 
am  not  qualified  to  extend  my  observations  into  this  area. 

DWAYNE  NIELSON:  I  think  Dr.  Watkins  pointed  out  yesterday  that  the  effects  of  the  pipe  wall  were  negligible  in  predicting  the 
deflections  of  these  pipes. 

R.  K.  TENER:  I  believe  he  was  restricting  himself  to  flexible  pipe  structures.  I'm  considering  more  the  intermediate  range  of  flexibility. 
A  D/t  ratio  of  80  in  aluminum  might  be  flexible  or  rigid  deperrding  on  who  the  speoker  is.  So  I  think  his  observation  must  be  limited  to 
flexible,  or  very  flexible,  structures. 

J,  R.  ALLGOOD:  Our  next  speaker  is  a  gentleman  of  renown,  who  hands  down  takes  the  prize  for  hovirrg  appeared  before  this  group 
the  largest  number  of  times.  Dr.  Selig  will  present  the  paper,  written  by  C.  J.  Costontino,  R.  R.  Robinson,  and  M.  S.  Salmon,  at  the 
Illinois  Institute  of  Technology  Research  Institute,  The  title  of  the  paper  is  "A  Simplified  Soil  Structure  interaction  Model  to  investigate 
the  Response  of  Buried  Silos  and  Cylinders." 

E.  T.  SELIG:  Presentation  of  formal  paper,  see  pages  303>3I4. 

J.  R.  ALLGOOD:  Thank  you  Dr.  Selig.  That  was  most  interesting  indeed.  We  have  checked  our  experimental  data  against  one  elastic 
theory  of  a  wave  engulfing  a  cylinder  and  find  very  poor  agreement.  The  thrusts  agree  well  errough,  but  the  action  of  the  shell  Isn't  taken 
into  occount  properly,  apparently  because  the  moments  ore  in  vast  disagreement.  It  oppeers  that  this  solution  offers  a  good  possibility  of 
overcoming  this  difficulty. 

N.  J,  EVERARDt  I  thirtk  what  you  just  said  is  a  very  pertinent  point,  vis.  that  we  hove  been  looking  at  these  structures  os  orchet; 
whereas  in  foct,  they  are  not  arches.  Most  of  these  structures  are  shells.  The  problem  that  Captain  Toner  discussed  is  octually  o  bonel 
shell  with  ten  diaphragrte  and  I  believe  the  structural  action  hod  better  take  Into  account  o  thrM  dimensional  stress  distribution  repre> 
senting  the  arch  action. 

E.  T.  SELIG:  I  think  this  pretty  much  agrees  with  our  view  in  trying  to  carry  out  such  an  approach.  The  simplest  thing  one  eon  do  is  to 
take  the  free  field  condition  and  try  to  indicate  how  they  ore  modified  by  the  presence  of  the  structure  in  o  generol  way,  and  It  seems  fo 
be  recoonobiy  succeuful .  This  solution,  of  course.  Is  two  dimensional  and  it  assumes  on  infinite  cylinder,  but  we  hove  edopted  it,  I 
believe,  to  both  tunnels  and  silos  subjected  to  ground  shock. 

J.  R.  ALLGOODt  Well  gentlemen,  I  hope  you  realise  that  the  speakers  heme  been  very  considerate  of  your  time.  Realising  they  ore 
using  3  mon  hours  a  minute,  they  have  kept  exactly  on  schedule.  Now  we  will  proceed  to  the  next  paper  to  be  delivered  by  Delon 
Hampton.  Dr.  Hampton  has  his  Ph.O.  from  Purdue  Uhlvenity,  and  it  o  Professor  ot  Kenees  State  Uhiv^ty.  He  It  currently  working  at 
the  Air  Force  Shock  Tube  Facility,  Lhiverslty  of  New  Mexico,  in  Aibuquergue.  He  will  deport  slightly  Em  the  modeling  theme  end 
present  a  paper  entitled,  "Effect  of  Shock  Wove  Induced  Pore-Air  Pressure  on  Smeli  lurled  Structures." 

DELON  HAMPTONi  Present^lon  of  formoi  paper,  tee  pages  315-331 . 

J.  R.  ALLGOODt  Are  there  questtons  for  Dr.  Hompton? 

P.  L.  HUMMELt  You  mentioned  earlier  something  obout  the  relative  velecltiet  of  the  wove  through  the  oir  versus  that  through  the  pore 
water  and  through  the  solids.  Could  you  comment  forther  on  th^? 

DELON  HAMPTON:  The  ottempt  woe  mode  to  ascertain  the  magnitude  of  the  rote  of  propegetlon  of  the  pore-air  psessutes  In  the  toil 
tomplet.  The  maximum  velocity  at  propagation  was  determined  to  be  opprexlmotaly  230  l|ie.  Actually,  the  velocity  of  prepogoHon  should 
be  equal  to  or  greoter  than  the  vdoeity  of  sound  through  oir  (^praximotaly  UOO  The  low  vokio  of  the  computed  veloeity  is  due 
either  to  the  in^lity  of  the  Instrumentation  to  pick  up  the  Initlol  arrival  al  the  sh^  wove  or  to  the  wdwe  of  Nie  possoge  of  o  shock 
wove  through  small  pores. 
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RagerdlMt  of  Hm  r«a$on,  it  ii  laf*  lo  toy  thot  fho  propogotion  of  pora  air  preuura  through  the  pores  of  the  soil  will  occur  at  a 
slower  rote  than  the  propagation  of  the  effective  stress  wove.  The  difference  between  the  two  propagation  velocities  will  increase  with 
time,  and  the  peak  pore  pressure  ot  any  given  point  will  manifest  itself  ot  a  later  time  then  the  peak  effective  stress.  Exactly  how  much 
later  will  depend  principally  upon  the  properties  of  the  soil  and  the  chcracteriitics  of  the  shock  wave. 

MERIT  WHITE:  I'm  glod  you  mode  your  lest  remaik  about  the  importance  of  the  shape  of  the  wove.  I  hove  been  thinking  all  the  time  that 
this  is  extremely  important.  The  duration  of  the  pulse  is  just  os  important  as  the  peak  pressure.  This  is  one  cose  whore  you  can't  tolk  about 
scaling  the  test  unless  you  scale  the  time  factor  at  the  some  time.  For  an  infinitely  long  pulse,  that  is  a  step  pulse,  there  would  be  no 
attenuation  at  all  within  any  pore;  even  the  tiniest  hole  in  the  soil  would  let  this  pressure  in. 

R.  K.  TENER:  Or.  Hampton,  would  you  suggest  thot  the  use  of  a  membrane  over  the  test  medium  in  laboratory  looding  devices  is  a 
realistic  procedure  in  view  of  the  possible  extent  to  which  pore-oir  pressure  in  field  test  prototypes  extends  to  depth  and  the  possible  effects 
of  these  pore-oir  piessures  on  prototype  structures? 

DELON  HAMPTON:  A  membrane  over  the  soil  effectively  prevents  air  from  entering  the  pores  of  the  soil .  This  simulates  the  cose  when 
the  structure  is  buried  so  deep  that  pore  air  pressures  resulting  from  air  entering  the  pores  of  the  soil  would  not  be  present.  However,  if  it 
happens  thot  in  the  field  one  is  dealing  with  a  relatively  shallow  structure,  then  pore  air  pressures  will  impinge  on  the  structure. 

In  uniformly  graded  granular  soils,  the  distance  of  propagation  can  be  large.  Therefore,  for  shallow  buried  siructures  pore  air 
pressures  moy  impinge  on  the  structure,  but  whot  is  more  important  is  its  effect  on  stress  state  of  the  soil  surrounding  the  structure. 

L.  H.  GABRIEL:  Are  you  sure  that  you're  picking  up  pressure  waves  and  not  sheer  waves? 

DELON  HAMPTON:  Yes,  I  am  sure. 

L.  H.  GABRIEL:  How  do  you  moke  the  geometry  of  these  lotsg  narrow  columru  of  coil  compatible  with  the  occurrence  of  these  pressure 
waves  hitting  the  boundary,  stress  free  or  not,  ond  bteokirtg  up  by  relfection  into  shear  ond  pressure  waves  both?  You  soy  that  the  arrival 
times  of  your  waves  were  slower  than  the  waves  you  expected.  Shear  waves  travel  ot  a  slower  velocity  and  only  one  singular  wove  goes 
straight  througn  without  hitting  the  boundary.  If  the  column  is  considered  infinitely  long,  which  it  isn't  of  course,  but  suppose  we  coraider 
it  to  be,  the  others  would  hove  to  hit  the  bMr^dory  ond  then  we  would  get  reflections  of  shear  ond  pressure  waves  both  and  just  going 
tortuously  through  this,  breaking  up  as  they  go  every  time,  they  hit  the  bourtdoty  into  some  more  shear  ond  pressure  waves. 

DELON  HAMPTON:  (Xjririg  the  initial  phose  of  this  research  It  was  found  at  penetrations  of  0.22  foot  and  0.38  foot,  the  measured  pore 
air  pressure  was  much  loiger  than  wos  to  be  expected  based  on  the  general  trend  of  the  doto.  It  was  felt  that  this  was  due  to  inadequate 
isolation  of  the  soil  from  the  sensing  element  of  the  gauge. 

To  check  this  theory,  on  impermeable  membrane  was  placed  over  the  upstreom  end  of  the  samples  which  effectively  isolated 
the  air  In  the  shock  wove  from  the  soil.  In  doing  this,  any  pressure  measured  by  gauges  placed  alorrg  the  lertgth  of  the  soil  specimen  vrould 
have  to  be  the  result  of  the  lateral  pressure  exerted  by  the  soil;  i.e.,  the  soil  must  be  acting  on  the  sensing  element  of  the  gouge. 

In  these  membrarre  tests,  if  was  fourul  thot  the  first  two  gauges  did  register  o  pressure.  Therefore,  due  to  the  nature  of  the  test 
conditions,  those  gauges  must  hove  been  showing  the  effect  of  the  soil  pressing  against  the  sensii^  element. 

The  realisation  that  the  gauges  were  showing  the  effoct  of  the  effective  streu  In  the  soil  prompted  the  chor^ge  from  the  barium 
titonote  gouge  where  the  isolation  of  the  soil  from  the  gouge  was  not  effective  to  the  Gronoth  ST-2  gouge  witii  grommet  which  was  found 
to  be  satisfactory.  The  adequacy  of  the  new  gouge  system  was  confirmed  by  the  membrane  experiment;  therefore,  effective  stress-wave 
propagation  through  the  soil  column  would  hove  no  effect  on  the  gouge  readings. 

L.  H.  GABRIEL:  I  dirfo't  ^ite  follow  oil  of  thoi.  I  will  just  ask  this  one  question.  I  just  don't  have  a  clear  picture  of  what  the 
instrumentation  was.  This  is  probably  beside  the  point,  but  I  will  ask  this  cpMStlon  anyway.  Would  you  agree  thot  there  were  shoor  waves 
within  the  soil  mcas?  And  could  it  not  be  the  cose  that  the  serwing  elements  were  also  picking  up  the  compenents  of  the  shear  waves? 

DELON  HAMPTON:  Whetheror  net  shear  woves  were  present  In  the  soil  is  of  no  importance.  If  the  toil  is  Isolated  from  the  lentir^ 
element  of  the  gouges,  it  it  Impossible  for  the  gouge  to  register  any  component  of  the  shear  wove. 

L.  H.  GABRIEL:  I  ocespt  yewr  word  certainly,  but  perhaps  I  could  just  corwiude  with  o  claim.  I  would  claim  thot  whenswer  o  pressure 
wove  hit  any  boundary  it  would  brook  up  irdo  a  shear  and  pressure  wove. 

DELON  HAMPTON:  if  the  tenting  element  of  the  gouge  it  effectively  iseieted  from  the  toil,  the  fact  thot  o  shear  wave  imy  exist  in 
the  toil  is  of  no  consequence  to  this  study. 

L.  H.  GABRIEL:  I  con  underitond  thot.  OK. 

R.  H.  SIEVERS:  You  toy  that  in  the  shock  tube  work  we  ought  to  hove  o  memfarorw  over  the  begiiw.ltsi  of  the  sample  to  ovoid  o  secondary 
effect  perhaps  of  this  air  pulse  going  through  the  cavities.  Do  you  know  If  you  experience  a  leduction  in  pressure  felt  by  n  pressure  gouge 
which  would  be  subject  to  both  the  inteigranwiar  pressure  and  the  pore  pressure  within  the  toil  when  you  do  not  hove  o  membrane  over  It 
at  opposed  io  the  time  when  you  do  hove  a  mewbrone  aver  it?  In  other  words,  without  the  membrane  ore  you  just  receiving  the  Inter- 
gronulo*  pressure  and  a  later  onf  vol  of  pore  pressure? 

DELON  HAMPTON:  The  critical  factor  b  not  to  nsich  tne  magnitude  of  the  pressure  thot  it  on  the  structure  tfoce  thts  con  be  measured. 
The  most  important  effect  of  the  pore  preteure  is  its  effect  oit  the  stress  state  of  the  toil  turtoundir^  the  structure  which.  In  turn,  will  effect 
the  seililructure  interoction. 
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R.  H  .  SIEVERS;  It  would  seem  though  that  the  pore  pressure  would  be  arriving  ot  such  a  later  time  afte>  the  significant  effects  hove 
taken  place  that  maybe  the  significance  of  it's  arrival  at  all  has  been  lost  or  is  much  reduced. 

DELON  HAMPTON:  This  will  depend  on  the  length  of  response  time  of  interest  and  the  depth  of  burial  of  the  structure.  The  change  in 
the  stress  state  of  the  soil  surrounding  the  structure  will  not  be  important  if  it  occurs  a  sufficient  time  cfter  the  phertomena  of  concern. 

R.  H.  SIEVERS:  Let's  say  we  have  a  shallow-buried,  flat-roofed  structure.  If  we  reduce  the  peak  pressure  which  wos  experienced  by  the 
roof  of  that  structure  by  addirsg  a  highly  porous  granular  moterial  over  it  with  no  membrone  surface  ooross  tivi  top  of  the  grourtd,  is  this  a 
way  of  reducing  the  pressure  on  the  structure? 

DELON  HAMPTON:  The  answer  to  this  question  depends  upon  circurrstortces.  It  depends  upon  the  properties  of  the  soils,  e.g.,  whether 
active  or  passive  arching  will  occur  and  on  the  depth  of  cover;  therefore,  o  yes  or  no  answer  is  not  possible. 

J.  R.  ALLGOOD:  I  think  we're  about  out  of  time  so  we'll  thank  you  again  and  proceed  to  our  next  paper.  Our  next  speaker  is  Mr.  R. 

L.  Marino,  who  will  be  presenting  Mr.  Riley's  paper.  Mr.  Marino  has  his  B.S.  and  M.S.  degrees  from  IIT  and,  of  course,  is  presently 
with  the  Illinois  Institute  of  Technology  Research  Institute.  The  paper  he  will  present  is  e-ntirled  “Phctoelostic  Study  of  Wave  Propagation 
Around  Embedded  Structural  Elements." 

R.  L.  MARINO:  Presentation  of  formal  paper,  see  poges  332-34b. 

J.  R.  ALLGOOO:  Are  there  questions  for  Mr.  Marino? 

ALBERT  KNOTT:  Could  you  give  us  an  estimation  of  what  you  think  the  effect  would  be  if  >ou  extropolote  this  information,  which  I 
realize  is  a  narrowly  defined  study,  into  a  soils  material  thot  has  different  elastic  arxl  plosti-  properties? 

R.  I..  MARINO:  I  would  say  t.  t  this  particular  study  would  prcbobly  apply  mere  to  tunnels  buried  in  rock.  At  the  present  time,  we're 
extending  our  studies  into  actual  viscoelastic  materiols  and  I  don't  really  hove  oi.ything  to  report  on  this  os  yet.  I  think  I  pointed  out  that 
this  elastic  analysis  could  be  used  as  a  first  approximation  depending  on  the  nature  ond  corxiition  of  the  soil .  I  don't  know  if  |  con  answer 
your  question . 

N,  J.  EVERAP.D:  Do  you  think  it  would  be  possible  to  simulate  soil  coiiditions  ar:d,  using  p’>wered  acrylic  isoloted  between  two  plotes, 
use  this  method? 

R.  L.  MARINO:  I  hove  never  tried  this  particular  approach.  There  is  a  possibility  that  ocrylic  chipe  or  acrylic  powder  could  be  uiod  to 
simulate  real  granular  soil.  In  attempting  to  use  plastic  chips  or  powder;  however,  you  might  be  creating  more  problems  than  you  would  be 
solving.  Using  the  Phstoelostic  Method,  it  would  be  more  difficult  to  determine  the  stress  distribution  in  a  plostic  chip  .‘medium  than  it 
would  be  in  a  solid  plastic  plat*  because  of  the  photoela  tic  principles  involved.  It  might  also  be  difficult  to  determine  the  properties  of 
granular  plastic  which  would  certainly  hove  to  be  done  before  ony  problems  could  be  solved.  A  more  reasonable  approach  might  be  to 
bury  a  twc-dimensional  photoelastic  model  of  a  tunnel  .ross  section  In  a  gloss  Sox  with  o  real  toil  medium  such  os  Ottawa  sand.  In  this 
cote,  it  would  be  possible  to  determine  the  stress  distribution  in  the  plastic  model. 

J.  R.  ALLGOOD:  Perhaps  it  would  b*  appropriate  to  tummarite  what  has  been  said  in  brief  form.  We're  fairly  confident  thot  modeling 
con  be  accomplished  in  dry  granular  material  but  such  modeling  requires  the  ibllowing;  a  similarity  of  geometry,  use  of  the  some  rnoteriol, 
pressures  in  the  model  equal  to  the  pressures  in  the  prototype,  and  core  with  time  scaling  particularly  where  we  hove  very  short  time  pulses. 

The  need::  ter  future  work  were  pointed  out  quit*  ably  and  quit*  thoroughly  ond  those  areas  of  major  importance  were  cited  for 
us.  It  was  brought  out  portlculorly  that  we  need  more  Informatian  on  modeling  of  cohesive  material .  Indicetions  are  that  modeling  con 
be  successful  with  such  materials.  W*  sow  a  new,  orsd  I  think  on  excellent,  theoreticol  approach  to  the  treatment  of  these  buried  structures 
which  holds  new  hope  fev  our  suceeistel  orsalysis.  We  hove  been  cautioned  that  the  elastic  wove  propagation  solutions  probably  ore  rsot 
correct,  orsd  that  plwtoelastlc  analyses  and  theoretical  analyses  for  purely  elastic  materials  or*  not  strictly  correct.  Certainly  the  described 
photoelastic  studies  or*  on  important  first  step  in  developing  techniques  ond  they  do  give  an  interesting  visual  interpretation  of  whot  is 
hgpponitsg.  We've  learned  something  of  the  effects  of  pore  pressure  and  hove  b^  coutiorsed  that  in  prototype  structures  where  the 
relatively  fine  groined  tolls  or*  used,  the  pore  prestur*  probably  will  rsot  act  on  the  strsrclur*.  The  dyrsomic  response  of  the  strsrchrr*  will 
utuolly  Im  completed  before  the  pore  pressure  becomes  significant,  but  w*  must  be  cautious  in  our  models  becesrse  the  models  or*  nsich 
closer  to  the  surface  and  if  we  do  not  itolot*  pore  pressures  by  using  o  plastic  sheet  on  the  surface,  w*  may  get  erroneous  results.  These 
or*  o  few  of  the  things  that  hove  been  presented  to  us.  I  certainly  hep*  they  hove  contributed  to  your  understortdlng  os  they  hove  to  min*. 

I  would  like  to  thank  our  speakers  for  their  excellent  presentotions  and  for  keeping  within  the  time  limit.  Or.  Hompton  would  Ilk*  to  mob* 
one  lost  stotement. 

DELON  HAAdPTONi  I  forgot  to  mention  in  my  presentation  the  propagation  of  por*«oir  pressures  in  silty  sand  samples.  The  reason  thot 
I  did  this  was  principally  because  the  propagation  was  procticolly  nil.  In  the  silty  sand  samples,  the  maximum  pore  pressure  that  I  could 
measure  was  1/2  psi  and  this  was  really  taxing  my  instrumentotion.  At  a  distance  of  approximately  6  Inches  It  was  mio;  this  1/2  psi  was 
down  to  zero;  tharefoi*,  for  oil  procticol  purposes  then,  w*  forgot  all  about  the  silty  s^  and  concentrated  our  efforts  on  the  Oltewo 
sand  and  the  pea  (povel . 

J.  R.  ALLGOOO;  I  thank  you  for  the  addition  Delon.  Thank  you  all. 
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SESSION  SIX  -  WEDNESDAY  PM 
ANALYTICAL  AND  EXPERIMENTAL  STUDIES,  PART  I 

SESSION  CHAIRMAN:  Eugene  Zwoyer 


D  .  A.  LINGER:  The  leuion  for  this  offemoon  it  titled  "Soil  Structure  Interection:  Analytical  and  Experimental  Studies,  Part  I."  The 
Seuiort  Chairman  is  Dr.  Eugene  Zwoyer,  who  is  presently  Director  of  the  Air  Force  Shock  Tube  Facility,  which  is  a  nuclear  effects 
lobotatory.  Dr.  Zwoyer  received  his  doctorate  from  the  University  of  Illinois  in  1953.  He  is  presently  Professor  of  Civil  Engineering  at 
the  University  of  New  Mexico,  in  addition  to  his  duties  os  Director  of  the  Shock  Tube  Facility.  He  is  the  principal  In  the  consulting  firm 
of  Zwoyer  and  Associates,  arui  his  widely  divenified  background  and  present  research  responsibilities  make  him  well  qualified  as  this 
afternoon's  Session  Chairman. 

EUGENE  ZWOYER:  At  Dr.  Linger  mentioned,  the  session  this  afternoon  is  the  first  of  two  seuions  devoted  to  papers  on  analytical  and 
experimental  studies  reloted  to  soil  structure  interaction.  This  afternoon  we  have  five  papers.  The  first  paper  has  been  written  by  Mr.  W. 
B.  Truesdale  and  Dr.  E.  Vey.  Dr.  Vey  is  o  Professor  of  Civil  Engineering  at  IIT  ond  tlm  Moirager  of  the  Soil  Mechanics  Division  of  IITRI. 
You  met  Mr.  Truesdale  yesterdoy  when  he  discussed  soil  strain  gauges.  Mr.  Truesdale  has  completed  his  undergraduate  and  groduote  work 
at  IIT.  He  is  an  Associate  Research  Engineer  in  Soil  AAechonics  at  IITRI  atxl  for  the  post  three  yean  has  been  working  on  prcblems  relotrx:i 
to  soil  structure  interoctlon.  This  ofterrMon  he  will  present  the  paper  entitled,  "An  Investigation  of  Panel-Arching  Effects  in  Non-Cohesive 
Soi." 

W.  B.  TRUESDALE:  Presentation  of  formal  paper,  see  pages  349-355. 

EUGENE  ZWOYER:  Do  we  hove  any  questioru  for  A4r.  Truesdale? 

R.  L.  AAARINO:  Whot  sort  of  pressure  gauges  did  Terzoghi  use  thirty  yean  ago? 

W.  B.  TRUESDALE:  The  way  he  mode  the  measurement  was  by  pulling  steel  topes  ot  various  levels  above  the  structure  and  then  mecsuring 
the  force  required  io  overcome  the  friction  at  resistorKe.  I  can't  detail  the  exact  procedure  because  I've  never  seen  the  poper  in  which 
Terzoghi  described  the  techniques  employed  (speaker's  note  added:  “A  Fundamental  Fallacy  in  Earth  Pressure  Computotions,"  Journol  of 
the  Boston  Society  of  Civil  Engineen,  A^il,  1936). 

EUGENE  Z16 OYER:  Are  there  any  other  questions? 

MARC  CASPE:  Dr.  Newmark  has  mentioned  thot  distortions  ore  of  prime  consideration  here,  yet  oil  the  laboratory  research  thot  hos  been 
presented  so  for  has  dealt  with  the  measurement  of  stress,  rebounds,  ottenuotlon,  etc.  Would  strain  be  o  proper  criterion?  Since  we  ore 
speaking  of  distortion,  could  we,  from  o  loboratory  test,  extrapolate  to  the  site  corMlitions  in  terms  of  strain? 

W.  I.  TRUESDAIE:  Well,  I  don't  krww  how  to  answer  your  question  but  I  think  that  deformation  is  important  and  con't  be  left  out  of 
corwlderatlon  in  any  design  problem.  For  example,  if  one  designs  o  retaining  wall  for  active  earth  pressures,  he  must  moke  olloworKes  for 
sufficient  movement  of  the  wall  to  develop  the  active  case. 

MARC  CASPE:  It  Is  not  so  much  a  motter  of  how,  but  whether  It  would  be  o  volld  opprooch.  The  answers  aren't  here  ot  this  meeting. 
There  Is  no  question  that  there  Is  work  to  be  done.  The  question  is  whether  the  opprooch  from  the  strain  viewpoint  is  valid  as  opposed 
to  stress.  Things  like  pore  water  pressures,  etc.,  conrtot  be  measured,  but  strains  con. 

W.  I.  TRUESDALE:  Personally,  I  feel  It  is  essential  that  considerjtion  be  given  to  the  deformations  required  to  develop  soil  shear 
resistance. 

STAN  lEAMENi  As  long  os  someone  else  has  brought  up  the  topic  of  strain,  I  would  like  to  mention  otm  more  complication.  In  your 
comperison  with  your  stress  strain  curve,  the  trioxlol  tests  thot  you  used  hod  strain  in  three  directions  and  the  test  pro^m  hod  strain  in 
two  dlrectlore. 

W.  B.  TRUESDALE:  Obviously,  it  is  o  different  cose.  We  know  that  soil  stress^traln  properties  vary  with  degree  of  confinement, 
whether  It  It  two  dimensIotMl  or  three  dimensional.  Whet  I  w*  trying  tn  do  was  to  select  toms  values  that  would  realistically  represent 
a  granular  soil.  I  also  looked  at  tome  results  from  direct  sheer  tests  to  see  if  at  tome  stress  level  below  the  maximum  the  envelope  of 
Mohr's  circle  for  a  series  of  tests  wot  linear.  You  do  get  a  fairly  linear  type  of  relationship.  It  it  not  ot  good  ot  values  below  moximum 
toad  ot  It  Is  at  maximum,  but  it  wot  net  too  bod.  You  obtain  o  difforenl  value  of  at  least  I  did,  between  the  trloxiol  and  direct  shear 
test.  They  ore  two  differant  types  of  test.  The  direct  sheer  is  two  dimensional  while  the  trioxlol  is  three  dimensionol .  However,  I  only 
wonted  to  seleet  values  rspresentotive  of  real  soil  end  to  establish  that  the  stress  strain  relationship  established  was  reosorsoble. 

STAN  lEMIENi  I'm  else  doing  work  in  tfds  «ea  of  plain  stress  and  the  0  results  ore  signlDcontly  different  for  the  plain  strain.  Some  of 
the  resultswill be  published  in  next  years  International  Conference  on  the  popen  from  Cornell.  I  tWnk  that  the  results  do  indicate  that  we 
really  shouldn't  bo  using  the  trioxiai  tests,  tike  setup  tKot  you  ore  using  hera.  For  instance,  I  om  talking  of  changes  in  f  of  maybe  3  degress 
ond  when  you  apply  o  3  degree  chonge  this  mdtes  a  differme  in  the  unswers  for  stress. 
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W.  B.  TRUESDALE:  I  ograe,  but  I  did  not  got  that  big  a  differanco  botwoon  tho  two  tost*.  Thoro  wot  only  o  couple  of  degree  difference 
in  ^  between  the  trioxioi  and  direct  shear  results.  Because  of  the  limitations  which  exist  in  the  direct  shear  test,  it  is  difficult  to  deter¬ 
mine  if  this  difference  is  due  to  the  difference  in  the  two  and  three  dimensionol  condition  or  is  simply  due  to  techniques  of  the  test. 

STAN  BEMBEN:  It  depends  mostly  on  the  relative  density  and  it  is  only  at  higher  relotive  density  that  the  5  degrees  occur. 

G.  E.  TRIANDAFILIDIS:  I  would  like  to  moke  a  comment  about  this  k^  coefficient  and  how  it  was  detennined.  I  think  thot 
Tschebotarioff  in  his  book  gives  c  detailed  occount  of  Terzaghi's  test  arrangement.  Actually,  what  Terxoghi  did  was  to  pull  out  of  a 
consol idometer  n  thin  metal  strip  which  in  one  test  was  oriented  horizontally,  he  measured  the  total  force  required  to  pull  out  the  thin 
metol  strip.  He  subsequently  rototed  the  strip  90^  and  again  measured  the  force  necessory  to  puli  the  strip  out  from  the  ratio  of  the  two 
forces.  This  allowed  him  tc  determine  the  order  of  magnitude  of  the  k^  coefficient. 

P.  S.  BULSON:  I  hove  a  question  for  Mr.  Truesdale.  Did  you  measure  deflections  against  overpressure  for  the  sand  model  you 
demonstrated,  and  also  how  do  they  compare  with  the  theoretical  curves  end  the  given  linear  relationship? 

W.  B.  TRUESDALE:  The  tests  we  performed  were  in  the  gloss  box  type  apparatus  and  we  didn't  discuss  qualitative  results  because  of  the 
fact  that  there  are  definitely  side  wall  friction  effects  in  the  norrow  glass  box  apparatus.  We  were  primarily  observing  deformation  patterns 
in  the  soil,  but  the  results,  os  one  might  expect,  fit  in  the  gerterol  second  type  of  curve.  Tomorrow  Mr.  Longinow  from  IITRi  wilt  present 
some  results  he  obtained  in  pressure  vessel  tests  on  circular  panels  ar:d,  alth^h  it  is  a  different  case,  the  same  general  trends  ore  observed. 
The  results  you  showed  yesterday  also  were  generally  of  this.  Continual  increase  in  surface  overpressure  can  be  obtained  if  you  con  keep 
allowing  the  panel  to  deform.  However,  os  the  results  show,  a  sudden  collapse  occurs  if  the  ultimote  structural  resistattce  is  overcome. 
Arching  requires  some  support  from  the  stracture. 

EUGENE  ZWOYER:  Our  ner.t  paper  this  afternoon  will  be  presented  by  Or.  C.  V.  Chelopoti,  Assistant  Professor  of  Engineering  at 
California  State  College.  Dr,  Chelopoti  completed  his  urtdergraduote  work  at  Andhra  University  in  India  and  started  his  graduate  work 
at  the  Indian  Imtitute  of  Sciertce.  He  completed  it  nt  the  University  of  Illinois  where  he  worked  on  on  elosto-plostic  response  of  structures 
to  earthquakes  ortd  other  sirnple  pulses.  This  afternoon  he  will  present  a  paper  entitled  "Arching  in  Soil  Due  to  Yielding  of  a  Horizontal 
Support."  Last  summer  otsd  again  this  summer  he  has  been  workirg  with  the  Naval  Civil  Engineering  Laboratory  in  soil  structure  interaction. 

C.  V.  CHELAPATI:  Presentation  of  formal  paper,  see  pages  356-377. 

bRUCE  SCHIMMING:  I  hove  ju^  one  question  about  the  assumption  of  small  strains  corwittent  with  the  type  of  bourtdory  corsdition  you 
Impose  there  on  a  17  foot  layer  with  o  2  Inch  diopiocement  whore  there  it  a  sudden  discontinuity  at  the  ed^  of  the  door.  Do  you  think 
that  it  may  hove  a  serious  effect  on  your  ossumption  of  small  strolns? 

C.  V.  CHELAPATI:  I  don't  think  so.  Further,  we  ore  not  Integrating  to  the  end  of  the  strip;  the  stresses  at  the  end  ore  infinite.  We  ore 
integrating  ortly  from  zero  to  x^^, 

EUGENE  ZWOVERt  Our  next  speaker  this  oftemeon  is  the  first  to  be  presented  by  our  hosts  from  the  University  of  Arlaorw.  Or.  Ralph 
Richard  is  on  Associate  Professor  of  Civil  Engirteering  here  ar«d  has  been  directing  the  work  thot  will  be  reported  by  Jerry  lums.  Jerry 
Bums  it  a  Research  Assistant  in  Civil  Ergineering  and  has  been  the  prIrKiple  who  it  respontible  for  the  conetrucNon  of  the  plain  wove 
blast  generotor  here  at  the  University.  This  oflenroon,  he  will  present  a  paper  entitled  "Attenuation  of  Soil  Straetae  for  Burled  Cylinders." 

J.  Q.  BURNS:  Presentation  of  formal  paper,  toe  pages  378«392, 

N.  J.  EVERAROi  I  thirrk  this  it  a  very  good  approach  and  I  think  actually  we  need  to  take  on  approach  similar  to  this  with  respect  to 
structures  thot  ore  rectangular  In  shape  and  structures  of  that  type  because  in  our  civilian  censtrwetion  program,  «re  ore  building  structures 
In  which  the  basements  ore  going  to  be  our  survival  shelters,  if  this  approach  were  token  with  the  rectangular  structures,  it  would  be  very 
helpful. 

E.  T.  SELIG:  By  slippage  or  no  slippage  you  ore  toiking  about  action  around  the  well  of  the  cylinder  when  the  soil  compresses? 

J.  Q.  BLWhfit  By  slippage  I  moon  any  arbitrary  relative  tangential  displacement  between  the  soil  and  the  conduil  shell  well.  For  foil 
slippage  there  would  be  no  tengentiol  1^  Ironshw  between  the  soil  medium  and  the  shell  well . 

E.  T.  SELIGr  In  the  exempies  of  the  no  tlipppege  ease,  the  stress  distributions  indicated,  if  t  reed  the  diegrems  right,  a  reduction  of 
vertical  stress  at  the  crown  and  ot  the  ipringiig  or  the  herieerrtol  diameter  in  the  vertical  direction.  This  means  there  is  leed  transfer  out 
of  the  region,  but  notre  picked  up  elsewhere  to  compensate.  Hove  I  misinterpreteted  the  diegrom? 

J.  Q.  BURNS:  The  vertical  camprnent  of  food  corriod  in  the  verticoi  shell  wsdi  will  bo  greoter  in  the  iso  slippage  cose  than  In  the  foil 
slippage  cose.  For  in  the  no  slipp^fia  cose,  o  food  component  is  transferred  into  the  shell  directly  by  sheer;  whereas,  in  the  foil  slippage 
ceee,  the  only  loud  is  the  redial  load.  OoM  this  enewer  your  spmstion? 

E.  T.  SELIGi  Ferheps,  bsd  I  would  like  to  think  about  this  o  bit  mare.  I  om  |ust  summing  up  forces  over  e  herlaewtel  plane  end,  of 
course,  w«  don't  hove  the  complete  distribution,  but  the  vertical  stresses  hove  *e  sum  up  to  the  preeiiiri  on  the  surface.  If  It  is  tellswed 
ftem  the  region  of  the  hole,  its  got  to  shew  up  somewhere  dse. 
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J.  Q.  BURNS:  Right.  The/  will  iwcoll  th«  ca*w  wh«r«  this  occurred.  Notice  tliat  the  circumferentiol  streries  olor^g  o  horixaitol  plane 
in  the  vicinity  of  the  shell  when  they  ore  reduced.  If  we  integrated  over  the  horizontal  plane,  we  would  find  that  we  hove  less  than  the 
total  vertical  load.  What  else  did  we  notice?  At  the  sides  of  the  shell,  we  notic^  that  the  circumferentiol  thrust  in  the  shell  was  greater 
than  unity.  In  other  words,  the  shell  woe  carrying  more  than  just  the  lood  over  its  rodius.  Thus,  the  shell  wall  wos  carrying  the  stress 
which  was  not  being  carried  by  the  soil.  That  is,  what  I  coll  negative  arching.  That  is,  the  shell  was  taking  more  load  than  the  free  field 
loading.  Conversely,  if  this  circumferential  stress  was  greater  than  unity  there  was  a  reduced  thrust  in  the  shell  wall . 

R.  M.  RICHARD:  The  orMlysis  of  the  stresses  orvi  di.r-locements  ir.  a  soil  conduit  structural  system 
is  a  complex  problem.  A  solution  to  this  problem  wherein  the  soil  is  treated  os  a  linearly  elastic 
medium  necessarily  has  its  limitations,  however,  such  a  solution  provides  insight  os  to  which  pora- 
meten  or  voriobles  are  of  primary  importance.  In  nonlirwor  systems,  the  mothemotical  expressiom 
ore  far  more  complex  thon  those  for  linear  systems  and  advantage  must  be  taken  of  certain  ideol- 
izotions  ond  simplificotiora  in  order  to  solve  nonlineor  systems.  Appropriate  equotiorM  or  functioru,  either  algebraic  or  diiftt'en:  jI,  mutt 
be  found  to  relate  all  the  variables  of  the  system.  Plotted  empirical  relations  derived  from  experimental  measurements  (such  as  stress-stroin 
curves)  must  be  represented  in  the  form  of  mathematical  equations.  Approximations  having  sufficient  accuracy  should  be  mode  in  order  to 
keep  these  expreuiore  as  simple  as  passible. 

As  a  result,  if  a  reduced  simplified  mothematicol  model  of  the  soil-conduit  system  is  to  be  derived  in  order  that  certain  non- 
lir«ear  effects  may  be  determined,  this  model  should  exemplify  the  response  of  the  linear  system  with  a  reosortoble  degree  of  accuracy  so 
that  confidetKe  may  be  placed  in  the  results  obtained  when  the  model  is  extersded  into  the  nonlinear  range. 

EUGENE  ZWOYER:  This  rwxt  paper  has  two  authors.  Dr.  Ulrich  Luscher  and  Kaore  HSeg.  Mr.  H6eg  is  a  native  of  Norway  and  began 
his  ursdergroduote  training  there  orKl  completed  it  at  the  Massachusetts  butitute  of  Technology.  Since  that  time,  he  has  been  engaged  in 
graduate  study  and  research  work  at  MIT.  Senior  author.  Or.  Luscher,  is  o  native  of  Switzerlard  where  he  received  his  undergraduate 
edwCation  in  Civil  Engineering  at  Hie  Swiss  Federal  Institute  of  Technology  in  Zurich.  Since  then,  he  has  come  to  the  Mnsochusetts 
Instiiute  of  Technology  where  he  completed  his  graduate  work,  and  for  the  post  five  years  he  has  been  working  in  soil  structure  interaction 
as  well  os  teaching.  He  will  present  the  paper  this  afternoon  entitled  "The  Beneficial  Action  of  the  Surrounding  Soil  on  the  Lood-Corrying 
Capacity  cf  Buried  Tubes." 

ULRICH  LUSCHER:  Presentation  of  formol  paper,  see  pages  393-402. 

J.  D.  HALTIW ANGER:  I  wont  first  to  observe  that  I  found  your  paper  very  interesting.  Now  I  would  like  to  comment  not  only  on  your 

paper  but  also  on  on  earlier  stotement  thot  was  made.  I  strongly  suspect  thot  buried  structures,  properly  constructed  os  you  noted,  ore 
designed  to  resist  normsl  deod  lood  pressures  at  ordinary  allowable  stresses  or  foctors  of  sofety,  and  designed  also  to  lesist  blast-imposed 
pressures  In  ring  compression  at  yield  level,  will  produce  e  tube  wall  sufficiently  thick  as  to  be  on  the  left-horrd  side  of  your  Figure  S. 

This  would  mean  in  effect  that  buckling  would  not  occur  except  ot  yield  stress  level.  i.i  this  cose  as  far  as  a  design  criterion  is  cortcerned, 

I  don't  see  that  the  buckling  mode  Itself  becomes  porticuiorly  critical.  It  does  moon,  of  course,  that  one  dare  not  presume  large  inelastic 
deformatiare  in  ring  compression  for  fear  that  it  wilt  buckle  unelosticolly .  Coieeqi>ently,  os  o  design  criterio-,  it  would  mean  that  we 
would  hove  to  curtail  the  permitted  ductility  factor. 

ULRICH  LUSCHEIb  I  would  agree  with  Or.  Hoitiwonger  that  probably  in  most  current  design  proctices  for  protective  construction  his 
comments  ore  applicable;  however,  we  might  thirds  of  a  now  leoterlei,  for  instance  plastic,  which  is  much  more  susceptible  to  buckling 
than  motels.  Also  I  did  rrot  restrict  my  comments  to  the  protective  coretiuction  irxiustry;  I  have  other  conventional  opplicotiore  in  mind 
too.  I  think  that  these  types  of  effects  do  come  in  ether  types  of  opplicotiore.  I  om  sure  that  we  agree  on  that  point. 

R.  L.  IRCXIKENIROUGtt  I  would  like  to  comment  on  the  derivation  of  the  equation  that  you  gave  for  buckling  pressure.  Looking  at 
the  equation,  os  I  understorrd  it,  you  hove  given  on  equation  which  gives  the  buckling  pressure  for  a  tube  that  It  surrourtded  by  o  two  way 
elastic  fourtdetiorv  In  other  werih,  the  sell  behind  the  tube  it  able  to  take  compressive  forces  os  well  we  tensile  forces  thot  m^t  develop 
OB  o  htbe  tendk  to  go  into  o  buckling  mode.  It  would  seem  to  me  that  this  is  one  of  the  refinements  that  would  bo  quite  tlgnificont  in 
refining  this  theory  os  you  mentioned  needs  to  be  dorre. 

ULRICH  LUSCHERt  I  think  that  any  tensile  stress  it  really  superimposed  over  the  compressive  stress  which  is  there  onywoy,  and  while  I 
hove  not  eetobiiihed  magnitudes  because  buckling  it  on  inrtobility  problem  and  the  magnitude  of  stresses  does  not  come  in,  I  feel  confident 
thot  we  don't  develop  any  tensile  stress  but  rather  just  reduce  the  compressive  redial  stress  which  it  applied  to  the  tube. 

J.  O.  BURNS:  I  would  like  lo  moke  o  comment  on  the  ptevlout  questlor  el  extensienol  flexibility  in  which  it  was  stated  thot  ineiosHc 
extensional  flexibility  probably  should  not  be  reiiod  on  because  It  will  couse  buckling.  I  would  agree  with  that  os  for  ot  inelastic 
extensianoi  flexftility  due  to  uniferm  plastic  yielding  it  conremed,  since  this  would  result  in  no  moment  capacity  to  resist  buckling. 

If  however,  yMding  ocoutv  at  certain  specific  points  dbe  to  seom  yielding  at  rivMod  cr  bolted  cennecHons,  such  that  if  sliding  of  ever- 
lopping  plates  ecourt  tether  then  mtiform  plastic  yielding  througheut  the  shell  well;  then  moment  copocity  it  preserved.  Thus  tome  In- 
eleetlc  eetensionolily  due  to  urdform  plastic  compression  may  not  be. 

ULRICH  LUSCHER:  I  |uit  went  to  mebe  o  brief  comment  in  cormectian  with  the  teinitrg  lechitique  which  Is  presently  so  unlveioeily  used 
for  ploeinB  sond  in  lobotetory  tests.  I  would  like  to  give  credit  to  hofessor  Z .  Getiler  who  ectueily  devela^  the  technique  in  connection 
with  lostt  on  buried  domes  ot  bUT.  The  research  project  woe  supervised  by  Rtefessor  R.  V.  Whitman  end  is  Beserthed  in  the  report, 

‘SHRlc  Toeli  Upon  TMn  Pomes  Buried  in  Send,*  R.  V.  Whitman,  Z.  Ceteler  ortd  K.  Hbog,  Report  No.  R  d2-4l  of  the  Ospurtemnt 
of  Civil  Engineerirtg,  MIT,  December  IM2. 
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EUGENE  2WOYER:  Hi#  final  popar  thii  oftamoon  it  botad  on  rfia  work  conducfad  by  Hia  UnivaniN  of  Naw  Maxico  ot  fba  Air  Forca 
Shock  Tuba  facility.  Tkata  ora  thraa  outhon.  Tha  tacor«d  author^  Or.  Hampton,  you  mat  this  mominp  whan  ha  pratantad  hit  popar  on 
pora-oir  prattura.  Tha  third  author  Milan  Sporwvich  wot  a  Rotaorch  Auittant  Enpinaar  at  tha  Univartity  of  Naw  Maxico  whan  tha  work 
wot  conductad  in  tha  loboratory  and  it  pratantly  o  contultinp  anginaar  in  FirtifauiBh,  Panntylvonio.  Tha  tanior  author.  Dr.  Gaorpa 
Triondofilidit,  will  pratant  tha  popar.  Ha  racaivad  Mt  undaiproduata  dagroa  ot  Robart  CoHaga  in  ittonbul,  Turkay  ■  Ha  did  hit  groduota 
work  at  tha  Univanity  of  lllinoit.  Ha  hot  baan  on  tha  faculty  at  tha  Univanity  of  Hlinclt  and  for  tha  loit  thiaa  yaon  on  tha  foculty  of 
Rica  Univanity  and  hot  ipant  tha  latt  four  tumman  working  at  tha  Shock  Tuba  Facility.  Or.  Triondofliidit  will  prwant  tha  popar 
anvitlad  "An  Exparimantal  Evaluation  of  Soil  Arahtit'j." 

G,  £.  TRIAND/iFILIOIS:  Pratantotion  of  formal  popar,  taa  pogat  403-420. 

PETE  WESTINE:  I  would  lik#  to  know  at  what  rksgraa  of  toturction  that#  taitt  wara  run? 

G.  E.  TRIANDAFILIOIS:  Parfactly  dry. 

PETE  WESTINE:  Abaolutaly  dry?  Wara  thata  dynamically  or  ttoticoliy  loodad? 

G.  E.  TRIANOAFILIDIS;  Thata  ora  oil  ihttic  tattt. 

PETE  WESTINE:  I  think  wa  thould  odd  that  tha  dagraa  of  toturotion,  wotar  contant,  and  avan  pora  air  prattura  ploy  a  major  rola  in 
arching.  How  can  ttatic  tath  which  parmit  para  prattura  ollaviation  antwar  dynomic  arching  problamt?  In  tlia  timilar  Jynomic  orao  of 
"off-tha-txtad  mobility  of  vahiclat,"  wotar  contant  hat  prouan  to  ba  a  vary  iaportont,  if  not  tha  mott  inytortont,  voribbla. 

G.  E.  TRIANOAFILIDIS:  I  ograa  obiolutely  with  what  you  hova  to  toy  and  I  think  I  hova  mantionad  that  thii  ttudy  contiiH  of  tha  fint 
phata  of  a  tuttoinad  rataorch  affbrt.  Wo  ora  looking  into  thit  problam  mora  axtantivaly  now. 

J.  I.  BUSTAMANTE:  You  hova  mantionad  that  you  wara  planning  to  go  ohaod  with  mora  toth  of  thit  typa.  I  wot  wondaring  if  you 
plormad  on  doing  toma  axparimonlol  datign  of  tha  thingt  you  ora  tatting  to  hova  toma  knowladga  of  ttotiiticol  rantlli?  Whan  you  mix  oil 
thata  vorioblat,  it  it  vary  difficult  to  toy  thot  thara  it  not  toma  intaroction  batwaan  orta  voriobla  and  tha  olhar.  Taking,  for  inttonca, 
tend  and  toying  that  thit  it  conttont  for  tha  difforant 
vorioblat.  Ara  you  planning  on  doing  toma  axparimantol 
datign  to  gat  o  ttotitHcol  tlolamant  of  tha  conclutioni? 


G.  E.  TRIAhOAFUIDiS:  I  think  Or.  Hompton  eon 
antwar  thit  guaition  battar. 


DELON  HAMPTONi  Tha  data  proton  tad  in  thit  popar 
wara  indopandontly  onolysod  by  two  diffarant  mothodi. 

Tha  fint  wot  at  pratantad  to  you  by  Or.  Triondofilidit,  otd 
tha  tacond  wot  1^  tha  uto  of  ttotittlcol  mathodt,  Tha 
ttoHtticoi  oppraoch  tupportt  tha  oMwmptiont  and  conclutiont 
conloinad  in  our  popar  and  pratantad  oroily  by 
Or.  Triondofilidii  to  thit  Sympotium. 

0.  F.  YOUNG:  Moyba  I  miitad  thit  in  your  talk,  but  it 
would  taam  thot  on  Impoitoni  paromotor  hm  might  ba  tha 
diamatar  of  tha  contoi^  that  you  utad  or  tha  ratio  of  tha 
dlamatar  of  tha  irvtar  cyllmiar  to  tha  eantoinar  te  thot  all 
of  your  ttudy  would  ba  lattrktad  to  tNt  ana  volwa.  Wbutd 
you  cora  to  commant? 

C.  E.  TRIANOAFUDiSi  I  would  lika  to  mantion  that  in 
thata  taiti  wa  utad  thata  tomb  oil  of  which  wara  I  inchat 
in  diamatar  but  of  voriout  haightt,  Tha  height  wat  varying 
tomawharo  from  obou*  2-1/2  inchat  to  at  much  at  4-1/2  to 
S  inchat.  Wa  hova  moda  on  Indapandont  rtudy  in  which  wa 
triad  to  avoiuata  tha  influanca  of  tha  otpacl  ratio  on  tha 
ttrait  traramatibility  in  luch  tot*  containon.  I  don't  hova  a 
tiida  for  thit  but  I  can  ihow  thit  plot.  For  inttonca,  for  on 
otpacl  toHo  of  about  .2  without  any  friction  radOcti^ 
wolit,  tha  ttoniminion  ratio  it  obaut  90  par  cant.  If  wa 
uta  on  otpacl  ratio  of  about  .S  which  raprotanlt  tha  com 
for  tha  majority  of  tha  torti  pttfarmad,  tha  itantmiplon 
ratio  it  of  tha  ardor  of  about  71  par  cant.  I  would  wipact 
that  matt  of  tha  ilraii  loa  occur  adtacani  to  tha  wall  of  tha 
toit  tank  and  chan  cat  ora  that  tha  input  ttmi  it  probably 
not  graatly  jnfhiancad  clota  to  tha  cantor  of  tha  tank,  K 
you  wont  oRia  datailad  information,  Mr.  FMIlip  Abbott  hat 
mado  a  mora  datollad  ttudy  of  thit  mottor. 
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HAROLD  G.  MASON:  W«  hov*  lun  tom*  Nth  on  lottM  duo  lo  tido'^oll  fricHon  In  (tool  containon  with  and  without  toflon  linon. 

Our  nundion  foil  In  tho  lomo  rongo  o*  youn,  for  initonco,  at  ono-holf  diomotor  dopth  wo  got  o  lou  of  dbout  30  porcont.  We  hove  done 
tome  wofk  with  stiucturot  that  wore  of  tho  rigid  typo,  but  ploeod  in  tho  froo  field  rather  than  against  a  base,  and  fotind  tome  similar  results. 
However,  don't  you  fool  thot  for  o  given  length  you  will  roach  maximum  ovcr'fogislration  owe  to  passive  arching? 

G.  E.  TRIANDAFILiOIS;  I  fool  that  I  should,  but  ... 

HAROLD  G.  MASON:  Wo  did  with  our  rigid  structures  piocod  in  tho  froo  field.  That  is  why  !  was  wotsdoring  if  you  hod.  Tho  increase 
of  lood  on  tho  structure  tooms  to  follow  an  exporsontial  passive  arching  form  simllrr  to  Toreoghi's  active  etching  cose  except  opposite  in 
sign  incroosing  with  depth  to  tome  moxinum  depth  below  which  It  femnlnt  constant.  We  hove  otto  conducted  tests  on  the  tome  shaped 
struclvre  hoving  greater  coraprestibility.  We  found  that  the  load  on  the  structure  decoyed  with  d^th  following  the  form  of  Tereoghi's 
active  arching  cote.  We  h<:^ve  shown  the  two  extremes  of  {o>xi  on  tne  structure  for  the  rigid  structure  (maximum  passive  arching)  and  for 
tho  soft  s.*iucture,  maxinum  octive  arching.  We  ars  now  investigating  the  relations  botwean  those  two  arching  oxtremes.  We  hove  recently 
found  o  thooreticoi  relationship  for  predicting  the  amount  of  ovorstress  ono  might  oxpoct  based  on  the  geometry  of  the  structure. 

G.  E.  T^IANDAFILIDIS:  I  would  like  to  point  out  that  Mr.  Abholt  from  tho  Shock  Tube  Facility  at  the  Univenify  of  New  Mexico  has 
don#  on  exienstvs'  tk>dy<  Since  1  wasn't  ofound  for  the  i«t  nine  months,  1  think  that  he  would  liko  to  comment. 

P.  A.  A0ROTT:  Dr.  Triandofilidis  mentioned  that  this  was  o  continuing  lesecrch  protect  and  it  certainly  hos  been.  1  hove  been  wofkiisg 
on  It  for  o  year.  Wiih  raspoct  to  Mr.  AAoMn's  comment.  Is  there  some  depth  of  vorioble  ot  which  ponive  arching  reoches  o  meximum? 

Yes,  obosft  3-V4  inehei  tor  thoso  tests.  Now  these  fesh  oren't  identicci  to  tho  ones  that  he  Is  talking  (dwut.  1  om  rot  working  on  exactly 
what  he  worked  on.  1  am  changing  the  voridbles.  1  am  Introducing  o  stiffnea  vorldbU  into  tho  structure  and  eliminating  the  side  wail 
friction  vorioblo.  In  other  words,  by  putting  o  gieosed  nembrono  oroytsd  the  hotrslng  of  the  disc  stiucture  that  Dr.  Triondifllidis  was  talking 
about,  I  con  leoch  n  poirst  at  obeut  3^3/4  Inches  depth  of  burloi  at  which  ponive  arching  leoches  o  maximum. 

HAROLD  G.  MASON:  Is  thot  t  o  givon  stie  sthreture  or  l«  thot  for  any  site  tituclure? 

P.  A.  AMOTT;  No,  for  'hot  particular  1*1/2  dlometer  structure.  This  is  o  very  important  vorioblo,  but  neither  otse  of  us  has  lookod 
at  it  yet. 

HAROLD  G.  MASON:  For  rmo  of  the  siructures  Ihat  we  hod,  it  hod  o  loiv^t  diameter  but  o  foiriy  cloM  cormporsderKe  to  your  length. 

It  hod  e  diameter  of  dbout  6  Inches  and  we  found  the  maxiimim  somephsce  in  the  some  order  of  numberv  Ihorefore,  it  is  offocted  not  only 
by  dlometer  bul  probdbly  more  leolisticelly  by  Irtnglh,  which  you  would  expoct  beeauie  it  hra  to  do  with  the  amount  of  cdmpieisibility. 

P.  A,  ABIOTTt  I  frdiod  to  rention  one  Hdng  —  ARr.  Robert  C.  Lynch  at  the  Shock  Tube  Fociiily  hoo  tested  g  slteis  gouge  which  teelly 
Is  exactly  whet  we  ore  talkl'i^  ;heut«  H  Is  n  right  :lrcuior  cylinder  buried  in  deree  Ottomo  send.  Full  dopth  of  bortol  is  about  1 .2  fnehos 
in  diemeter  and  1*1/2  ksehes  in  longih,  if  I'm  not  mistaken  was  d»out  I  inch.  So  il  is  definilely  affected  by  the  dimensiore  of  the  strucKee. 

lUCCNC  ZWOYCfc  fgeir ,  I  would  ii^  to  Ihonh  the  ouihan  ond  co*«uthrai  who  presented  the  very  excellent  papers  this  ofleineon  on 
soil  structure  litterecHon.  Tf<it  lenivn  wvli  nuw  stond  in  oriiOMhmeni. 


SBSION  SCVtN-TtIUMOAY  AM 
ANAlVnCAi  AND  IXKMMINTAi  SlUOfB.  PART  M 
SESSION  CHAIRMANt  l.tC.WetkMs 


0.  A.  UNCIRi  Dili  nnten  Is  e  oenMnwetien  of  our  WoAieodwy  oftemoen  leniun  on  anolyticoi  ortd  oxperimentei  shrdtes.  Th*  Session 
Chefroen  is  Dr,  teyrseid  K.  WeMns,  Heed  ef  the  Oepeirtennt  of  Methenieel  Engineering  el  Utah  SMe  LMvonily,  Ho  is  the  choirman 
of  the  Hlghiieii  leoeoieh  loerd  Ceeaeitlee  en  gndoigieuwd  ottochmo.  He  hoe  done  e  eereldotabU  oNMounl  ef  woth  on  undirgpxnd  thuoMes, 
rooeetch  end  dihgn,  era*  eenouhlog.  Me  Ad  his  djdotol  weak  under  Ptef,  Spengit  a*  i*»o  State  University. 

I.  K.  WATKINSi  Ihenb  you  Or,  Unger.  We  miot  prot  ood  tw  ixedleteiy  lor  I  know  heire  e  heevy  stdtedwie  for  this  morMty.  Th»  Riot 
paper  is  onHiied,  "Et^lilioenA  m  Cirsuier  CyttnAm  with  FloxdWe  fW  Pletei  Imfed  in  Send,*  by  C.  CuH'.mHrte  and  AnAv*  longinomr. 
Mr*  CeWenHne  it  unoMe  ie  be  with  us.  The  paper  will  be  preoemed  by  Mr.  Lenainm»~,  who  k  m  ii  itetd  reooach  engineer  et  UtRl.  He 
gredusied  from  Velteioioe  University  ord  is  currordty  doing  gtedmeoe  «mth  or  HT.  tw  fr  worhbsi  M  the  one  of  iliuciurel  xsKhenict. 

ANDREW  ICNOlNOWt  Preoewiwiex  ef  ferxmt  paper,  see  pages  42>«4». 

HEINZ  If ISTnERc  I  woe  hdetitled  in  Me  hyiletesii  that  opgioirod  en  Mverei  ef  y«w  eutves.  C«u!d  you  oloberets  on  fhe  kMdMg  rotes 
yeuMted? 

APRMfW  lONGlNOWi  Wo  dM  net  eaoMe  the  rote  at  which  it  woo  teeded.  PteoMo  weo  breu^  ^  to  e  parti cv -at  lOwel,  heU  tor 
fhr*  eiirtolao  oflar  whioh  oeedinio  were  tdien.  The  pieoeae  woo  than  slow'ly  brought  «p «»  snelhat  level. 

E.  T.  SiLlOi  Lei  m  etmmmi  en  this  point,  fids  tm»  wei  nm  rmry  ilewty  end  weo  eenduatsl  in  dby  tend.  I  thM*  moot  ef  this  tgitereoli 
io  iuel  e  chencteHotk  ef  the  Meoi  tlieln  .sdeltenth'sp  ef  tho  tend  boriuw  it  (eeko,  m  yWII  note,  ofmiA  Me  teme  to  the  ene-Amentionel 
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comprwiion  itrast^lrain  cufve  for  sand.  Th«  lc:f  was  slow  onough  so  I  don't  think  tiiw  affacts  hod  a  great  deal  of  influence  on  the  results. 

HAROLD  G.  MASON:  We've  observed  the  same  thing  in  unlooding  of  on«-c  lensionoi  tusts.  We  gut  a  revefsol  of  ratio  of  loteroi  con¬ 
fining  pressures  to  oxioi  streu.  It  appeon  that  you  ge.  o  sort  of  locking  -vhen  you  unlrod  the  axial  streu  and  you  actually  get  a  reversal 
of  the  principle  stresses. 

KAARE  HC^G:  Just  to  elaborate  a  little  moic  on  the  sor'e  point,  i  believe  Otr  Hendron  has  clrecdy  given  the  best  explanation  for  such 
on  jnlooding  curve  und  is  axoctly  the  ine  wila  Or.  Selig's  comotant  Let  nw  odd  thot  MIT  <atne  time  ago,  under  Dr.  Whitman's  supervision, 
performed  tests  on  domes  buried  in  sand.  We  observed  this  some  phenomenon  as  mentioned  above  independent  of  the  rote  of  looding  and 
unloading  (static  i'lsoding). 

ROY  BUTTERFIcLD:  The  four  looding  cycles  —  were  these  the  first  four  or  were  they  fossr  ofter  you  have  loaded  it  previously? 

ANDREW  LONGINOW:  They  were  the  first  fou.'. 

ROY  BUTTCRPIELD:  One  would  feel  that  you  wouldn't  get  the  fint  looding  repetitive  hysteresis,  for  the  first  looding  would  be  different, 

I  would  hok'«  Ihosrghi. 

ANDREW  LONGINOW:  The  fint  was  o  bit  dirferent. 

ROY  lUTTERFIELD:  Were  not  tht  -e  tt-e  fi-s*  four  you  choee?  Were  there  just  four  ofter  it  hcd  already  been  looded  once? 

ANDREW  LONGINOW:  Each  experiment  hod  four  loading  cycles  and  there  was  tso  preloodlng. 

R.  K.  WATKINS:  The  second  pe:pur,  "Yielding  Menbrane  Concepts,"  by  H.  P.  Harrersstian  orsd  R.  H.  Gsmdarsen,  will  be  presented  by 
by  Dr.  Hasrenstiim.  The  eo>^wthor,  Mr.  Gsjrtdenon,  is  here  also.  Dr.  Horrenstien  is  Professor  of  Civil  Engirseerlng  and  Engineering 
Mechanics  at  the  University  of  Arirotta.  Hx  was  the  engineer  on  the  team  which  won  the  grottd  prize  in  1962  for  the  fallout  school  design 
competition.  He  is  presently  choirmon  of  the  rechitecturol  engineering  division  of  ASEE,  orsd  o  member  of  the  ASEE  advisory  committee 
to  civil  defertse.  I  might  cdso  odd  that  he  is  the  man  who  wrote  the  proposal  which  resulted  in  this  Synposium. 

H.  P  HARRENSTIEN:  Presentation  of  formol  paper,  see  pcges  436-448. 

ALBERT  KNOTT;  I  rtotieed  on  the  slide.  •>  the  shells  that  were  loaded  by  send  that  the  center  deflection  was  not  os  great  os  It  was  on 
the  shells  that  did  not  hove  material  over  them.  Yet  it  oppaored  shot  the  edge  of  both  sets  of  shells  hod  o  simitar  slope.  It  appears 
that  o  shearing  ociicrv  has  occurred  at  the  edges  of  theee  shells.  Do  you  find  that  the  strength  of  IhoM  It  timilor? 

H.  P,  KARRENSTICN;  You  ore  correct  in  yosir  obearvctlon.  This  Is  airr^wed  In  the  written  text.  The  strength  of  the  shells  it  simitar 
which  inrficetei  mote  tOii  cfching  and  lees  direct  sheer  at  the  edges. 

ALBERT  KNOTT:  Did  you  get  some  arching  ocHon  being  supported  hv  these  iheiply^wsved  edge  crees? 

H.  P,  HARRCNSTICN;  We  ran  take  this  menbrane  now,  measure  ih  cusvotures  end  predict  the  overpteaure  ot  each  point  which  iermed 
*h««  cusvoluie.  We  hod  to  create  e  pioce  for  the  erchirsg  to  start,  i  think  this  goes  beck  to  tome  ol  Reynoid*t  work  where  he  was  creating 
these  arches  «md  separating  the  tubas  to  thsy  would  hove  this  oRhing.  We  hmre  the  tome  preblem  here.  We  need  this  mppest. 

R.  R.  FOX:  The  paper  by  HairantHe:«  end  Cumkinan  presents  Meteiling  poisibilltlrt  in  the  me  of  yieitfng  mambrones  in  eretoctlva 
slsucturos.  Vvetel  <|ueiH^  ci  sse  to  mind  which  moy  be  onewerod  by  tht  owthott  to  cesspleN  tha  effecHvengei  of  thoir  prosantatian. 

Since,  epi^aiae  of  various  metuHk  mjterfals  ore  suitobi#  in  conjunction  with  o  vesioty  of  support  conditions  and  motoriols, 
it  «ou' j  be  heMw*  if  some  discusaian  ef  tht  monbrone  support  coutd  bo  tnciwdod  in  those  ptecoodingi  . 

The  nsod  for  on  odrentogo  of  preforming  or  "Ashing*  the  umibiMiio  is  net  clear  since  Ihk  operation  normolly  tsisoios  seme 
of  the  onoiny  "absonilion  copoetty  of 'the  msMsbreno.  Add!  Hone!  commords  by  the  owthon  would  bo  heiphl. 

Doto  on  coopisioHs  oats  of  this  n«ds  of  dieilor  oonStrwcHon  vorsMS  raose  Horstod  cowlwicHon  of  dbove-  os  boiew  ■ground 
Shoilets  would  bo  of  signiQeont  worth  if  such  dole  is  ovoffable. 

H,  P.  HAMRChfiitlfN!  Seme  ensmots  to  those  ptoihlans  ore  given  in  the  wtlnen  presentsHon.  Msse  compfote  tiwsw  must  welt  until 
Unoi  report  to  the  eenlreel  (OCO-PS-dd-il^  which  will  be  pubtished  Moy  t,  1965. 

AL XRT  KNCTT:  fits  other  guosMon  I  hove  k  when  yvi  hewe  *  rede'sguier  slivctute  smd  o  epebrone  tosee  oppiied  ol  the  o^  it  will 
ho  rsctmeri  to  hove  on  opeieciobfy  iesgo  edge  ewnbor.  U'  yUu  find  Ihot  the  regukod  siao  of  this  odgo  mewbsr  is  loige  enough  to  oflsel 
the  savings  in  cor*  which  you  ebtoi^  ft»n  the  use  cf  the  msabreno? 

H.  P.  KAMENSTfENt  It  nwebt'l  if  the  outer  bops  cjnter  <einfaroed  cencseto  oe  the  floar  one  coiling.  It  it  posstbls  le  ottongo  Hto 
ihlotier  w^ls  in  i  grid  poltssn  end  pull  the  monbseris  evorywhoro.  The  rigid  concroto  around  creelet  essonNetlv  beam  ocHon  which 
celtiot  the  rteust  mnsr  le  the  wells  whitih  Hbo  It  on  deuugit.  The  and  panel  has  »s  he  of  somettibig  »«g»d  like  carscreie.  There  is  no 
■taring  at  ell  in  this  If  you  only  hove  two  hoys  MCh  end  hence  no  isewfcrpie,  if  yew  ho»e  50  beys  by  150  beys  you  hove  qpuihs  e  bit 
of  weebsene  which  it  cmly  eipperted  around  t;<e  outer  boundoiset. 

MfiOf  WHflt:  In  the  cuieea  that  you  shewed  renting  preiise  to  dsflecliow,  I  amwme  Ihel  these  wore  sMiceily  ebteinod  cutvet? 
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H  .  P.  HARRENSTIEN:  Y«. 

ViERIT  WHITE;  Of  coune,  Hier*  U  o  mulKpllcoHon  factor  for  o  tuddon  applied  lood,  so  if  yoor  membranes  are  exposed  to  blast  aid  the 
load  is  applied  si>ddenly,  there  is  a  foctor  which  I  believe  is  2. 

H.  P.  HARRENSTIEN;  Yes,  this  is  for  eintic  sytrems.  Right? 

MERIT  WHITE;  For  a  lineor  elastic  system,  yes.  For  a  membrone  deflecti->g  elastically  but  by  a  large  omoont,  the  foctor  is  about  4. 

For  a  plastic  membrane  the  factor,  I  think,  is  again  2  so  that  your  50  psi  is  equivalent  to  25  psi  suddenly  opplied. 

H.  P.  HARRENSTIEN:  We  haven't  observed  that  in  our  tests,  but  vary  ftossibly  the  error  it  in  our  gauging  devices  which  ore  depended 
upon  tu  yield  correct  effective  pressure  readings. 

NtERIT  WHITE:  Yes,  ifs  a  matter  of  durotion,  of  course,  too.  If  you  have  a  muss  there  such  os  sand,  then  the  thing  reads  slowly  and  the 
factor  is  less  than  2,  but  if  it's  a  long  duration  pulse,  sudderriy  applied,  end  a  thin  membrone  which  reacts  almoet  trutontoneovsly,  then  I 
think  the  factor  becomes,  theoretically  at  least,  2. 

R.  H.  SIEVERS:  Do  you  feel  thot  moteriols  con  presently  be  fohricoted  in  such  thicknesses  in  such  spans  that  you  wiii  be  able  ro  achieve 
•n  steel  or  aluminum  these  true  membrane  actions? 

H.  P,  HARRENSTIEN:  This  needs  reseorch,  but  what  we  are  suggesting  now  is  thot  they  be  fobricoted  and  dished  before  hand,  os  you  see 
on  the  model  bock  there,  so  that  you  put  a  static  forming  pressure  on  them  which  is  equivalent  to  that  pressure  that  you  expect  in  the 
application  later  due  to  blast.  If  there  is  this  factor  of  2,  it  has  to  be  token  into  account. 

R.  H.  SIEVERS:  1  don't  think  anything  presently  could  be  rolled  in  .'he  widths  you're  referring  to. 

H.  P.  HARRENSTIEN:  No,  we  hove  to  go  to  welding.  But  you  see,  if  we  weld  these  plates  together  and  take  two  plates  and  drive  them 
opart  with  fluid  pressure,  we  form  two  shells  thot  we  know  are  capable  of  resisting  the  pressure  that  formed  them.  Then  if  this  pressure  is 
sufficient  to  be  applied  in  design  we  con  rest  ossured  thot  it  will  take  it  again.  Now  os  for  os  fatigue  goes,  we  plead  with  the  Russioiu 
not  to  multiple  burst  us  to  the  point  of  fatiguing  these  things.  It  would  hove  to  be  actually  tested  full  size  by  forming  until  we  get  more 
data  on  how  the  v.'elds  correspond  or  go  iiirough  this  rapid  yieiding. 

DWAYNE  NIClSON:  I  would  like  to  moke  one  comment.  In  the  lood  cell  which  Dr.  Horrenstien  discussed  os  the  basis  for  the  experi- 
mentol  results,  the  dynamic  looxb  which  were  tronsmitted  through  the  rigid  posts  (os  measured  by  the  strain  gouges)  were  roughly  only  75% 
of  the  load  tronsridHed  from  the  static  lood  due  to  the  some  peak  pressure.  Tne  rise  time  of  the  pressure  in  the  dynamic  test  was  in  the 
order  of  one  millisecond  and  the  duration  of  the  impulse  was  approximately  orte  second. 

HEINZ  LEISfNER:  Hove  you  given  cny  thought  to  (he  oction  of  the  floor  slabs  under  these  conditions? 

H.  P,  HARRENSTIEN:  Yes,  just  ir»  design.  We  thought  thot  possibly  the  floor  slob  could  be  of  the  some  sort  of  systenv  however,  then 
we  would  have  to  allow  for  vertical  downward  motion  of  tne  walls  and  anything  that  was  attached  to  the  walls  In  developing  the  full  yield 
of  the  floor.  We  hove  underdesigned  the  foundation  of  this  model  and  let  il  punch  ond  then  put  a  floor  slab  on  grade  otkI  let  it  crack.  It 
will  crock  under  the  regular  settlement  of  tlie  overburden,  but  by  not  having  any  stre&gth,  we  feel  thot  the  punching  would  odd  to  the  soil 
structure  inreroction.  I  would  suggest  membranes  on  both  faces,  but  here,  of  course,  we  hove  woter  problem. 

R.  K .  WATKINS:  The  third  paper,  "The  Response  of  Buried  Cylinderi  to  Quosi'-Stotic  Overpressures,"  will  be  presented  by  Dr.  Bony 
Oormolion,  Dr.  Oonnellan  is  o  reseo'ch  associate  engineer  at  the  University  of  New  Mexico  Air  Force  Shuck  Tube  Facility.  He  just 
completed  the  requirements  for  o  Ph.D.  in  soil  ond  foundation  engineering  at  the  University  of  Illinois. 

BARRT  DONNEI.LAN;  Presentation  of  formal  poper,  see  pages  449-463, 

ALBERT  KNOTT;  Would  you  toke  time  to  indicate  how  the  end  panels  of  these  cylinders  ore  actually  built? 


BARRY  DONNELLAN:  I  con  briefly  indicate  the  detoiis  of  the  etid  parrels  with  the  opi^ded  figure.  This  figure  (shown  below)  shows  a 
longitudinal  section  of  on  aluminum  cylinder  with  end  pictes.  The  stiff  axial  rod  fA)  rigidly  holds  the  end  plates  in  position  and  carries 
the  axial  forces.  The  clearance  shown  in  the  inset  (B)  insures  this.  Very  close  tolerances  were  used  in  fitting  the  cylinder  over  the 


portion  of  rim  end  pi  ite 
which  slips  into  the 
cylinder. 


of  4-hikK-ID  olumiriMm  cylindor 
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ALBERT  K  NOTT:  In  Ihe  location  of  your  gougm  that  nwosurod  tha  daflections,  did  you  fael  that  the  gouges  that  were  nearer  these  end 
supports  hod  free  morion? 

BARRY  DONNELLAN:  Yes  I  do.  The  displacement  gauges  were  spoced  over  a  4-1/2  inch  length  at  the  mid-length  of  the  cylirrder  and 
the  reason  I  soy  I  fael  they  hove  free  motion  is  because  of  the  collapsed  shape  of  the  cylinders.  I  am  cognizant  of  the  fact  thot  the  collapsed 
shape  and  the  shqpe  prior  to  the  collapse  are  two  different  things.  One  of  the  improvements  that  we  will  make  in  future  testing  it  that  we 
will  deal  witfi  much  longer  cylinders;  however,  I  feel  that  the  end  displocement  gauges  were  not  materially  effected  by  the  restraint  of  the 
ends  of  the  cylinders.  Bear  in  mind  that  we  are  talkirtg  about  very  smoll  deflectioru.  The  deflections  ore  in  the  order  of  1/200  of  on  inch. 

ALBERT  KNOTT:  Were  these  ether  gauges  approximately  at  the  quarter  points?  I  can't  recall  your  original  sketch. 

BARRY  DONNELLAN:  This  figure  is  Figure  2  in  my  text  (page  452).  Here  is  mid-length  and  ttiey  were  over  a  4-1/2  irreh  length  at  the 
mid-ier>gths.  There  were  two  on  one  side  of  the  mid-lersgth  and  three  on  the  other  os  shown  in  Figure  2.  The  dimensions  ore  3/4,  \-2/A, 
2-3/4,  so  that  there  was  2-^4  inches  here  and  8  inches  here. 

P.  S.  BULSON:  I  am  interested  ir.  the  radial  inward  displacement  of  the  springing  which  you  got  on  your  flexible  cylinder.  In  how  many 
tests  did  you  get  this? 

BARRY  DONNELLAN:  We  conducted  a  minimum  of  three  tests  at  each  depth  of  buriol.  The  doto  points  I  showed  here  were  the  average 
of  at  least  three  tests  ot  each  depth,  and  in  many  coses  the  overage  of  more  than  three  tests.  We  observed  this  phenomenon  in  oil  tests 
when  depth  of  burial  was  less  than  1/2  the  diameter  of  the  cylinder.  We  observed  it  ot  two  different  depths  of  burial,  you  will  recoil, 

1/2  and  1/4  of  the  cylinder  diameter  so  that  it  has  been  substantiated  by  quite  a  few  tests. 

P,  L.  HUMMEL:  You  indicate  that  the  sand  was  ploced  initially  in  a  very  loose  condition,  and  I  was  wondering  if  it  was  compacted 
prior  to  the  test? 

t 

BARRY  DONNELLAN:  No  sir.  The  sand  was  placed  initially  in  o  dense  condition.  The  sand  was  ollowed  to  fall  through  the  flexible 
fiose  equipped  with  on  inverted  funnel  and  a  screen.  This  gives  the  most  dense  condition  that  one  can  obtain.  Tha  void  ratio  was 
approximately  0.47  which  for  a  uniform  sand  is  quite  dense.  I  don't  think  you  can  obtain  o  denser  sand  by  vibration.  It  also  has  the 
advantage  thar  you  con  obtain  a  dense  sand  around  a  flexible  structure  without  ony  material  domoge  to  the  structare. 

R.  K .  WATKINS:  Fne  next  paper  is  entitled,  "Response  of  Buried  Stiucturol  Models  to  Static  and  Dynamic  Overpressures."  The 
co-author.  Mr.  W.  F.  Riley,  is  unable  to  ottend  and  the  peper  will  be  presented  by  Mr.  R.  L.  Marino  who  has  been  introduced  to  you 
previously.  He  fxs  had  two  to  three  years  experience  with  the  IITRI.  He  is  associated  with  the  experimental  streu  analysis  sectio  there. 

R.  L.  MARINO:  Presentation  of  foiwol  paper,  see  poges  464-486. 

R.  K,  WATKINS:  The  concluding  paper  is  '  Interaction  Between  a  Sarxf  and  Cylindrical  Sheils  Under  Static  and  Dynamic  Loading." 

This  is  to  be  presented  by  Dr.  J.  T.  Honley,  now  of  the  Univenity  of  Minnesota.  Ho  has  spent  14  years  with  the  Navy  Civil  Engineering 
Coip  including  a  tour  of  duty  in  AFSWP,  the  hf.adquarters  which  later  become  DASA.  He  has  spent  five  yean  at  the  Univenity  of  Illinois 
before  going  up  to  Minnesota. 

J.  T.  HANLEY;  Presentation  of  formal  paper,  see  pages  487-528. 

NOTE:  See  the  Thursday  Afternoon  Session  for  the  discussion  of  the  last  two  popen. 


SESSION  EIGHT  -  THURSDAY  PM 
DESIGN  AND  PROTOTYPE  STUDIES 

SESSION  CHAIRMAN;  0.  A.  Linger 


D.  A.  LINGER:  Since  the  shortage  of  time  limited  the  discussion  of  this  morning's  popen,  pleose  feel  free  to  cek  questions  about  them 
during  this  session.  The  fint  paper  this  afternoon  v^as  written  by  Prof.  M.  G.  Spangler  who  is  a  research  professor  of  Civil  Engineering  at 
Iowa  State  Univenity  and  has  been  working  in  this  field  a  number  of  yean.  He  did  his  original  work  with  Mantan,  and  I  don't  know  how 
many  of  you  go  bock  for  enough  to  kr>ow  the  Monton-Spcngler  theory  of  undeiground  conduits.  Professor  Spangler  is  the  author  of  many 
popen  and  a  textbook  on  soil  mechanics.  Ho  was  the  rreipient  of  the  Highway  Research  Board  research  medal.  His  paper  will  be  pre¬ 
sented  by  Dr.  Carl  Ekberg  who  is  Head  of  the  Department  of  Civil  Engineering  ot  Iowa  State  Univenity. 

CARL  EKBERG:  Presentation  of  formal  paper,  see  pages  531-546. 

D,  A.  LINGER:  Are  there  any  questions? 

PETE  WESTINE:  Do  you  feel  that  creep  endangen  such  n  design  procedure  which  mokes  use  of  a  layer  of  straw  os  a  backfill  material 
above  the  buried  structure? 

CARL  EKBERG:  In  Prof.  Spongler's  paper,  he  mentions  this  point  and  he  cites  a  cose  where  this  condition  was  maintained  for  21  yean 
or  so.  I  don't  know  anything  about  the  tests.  I  would  gather  than  there  was  a  sustained  load  for  that  long  o  period,  whether  It  was  just 
the  dead  weight  of  soil  or  whether  it  was  surcharge  plus  weight  of  soil  I  con't  say.  I  would  be  glad  to  relay  rhis  question  to  Prof.  Spangler. 
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D  .  A.  LINGER;  I  think  it  i»  a  little  unfair  to  ask  Dr.  Ekberg  to  back  up  Prof.  Spangler's  theory,  but  I  think  the  decomposition  or  the 
straw  is  in  his  favor  in  that  condition. 

DWAYNE  NIELSON:  I  have  a  question  concerning  the  validity  of  the  assumption  in  the  derivation  of  the  equation  for  loads  on  underground 
structures.  If  one  assumes  that  soil  can't  take  teruion,  is  this  horizontal  differential  element  a  valid  assumption? 

CARL  EKBERGt  I  think  you  hove  a  point  there.  Certainly,  the  sheer  forces  are  mobilized  and  are  similar.  Wouldn't  you  agree  to  that? 

DWAYNE  NIELSON:  Yes.  They  are  mobilized  along  the  edge. 

CARL  EKBERG:  They  are  mobilized  along  the  edge.  Just  how  this  inverted  arch  oction  con  occur  is  something  else  again,  i  am  afraid 
I  couldn't  explain  that  arching  within  the  prism  itself.  That  is  what  you're  referring  to, 

DWAYNE  NIELSON:  The  horizontal  element  is  the  differential  element  used  in  the  derivation  of  the  equation.  It  is  generally  assumed  that 
soil  can't  take  tension  and  the  differential  element,  as  assumed  in  the  original  derivation,  will  hove  teruion  in  the  lower  port.  Maybe  this 
has  been  discussed  someplace  else;  if  it  has,  I  am  not  aware  of  it.  I  would  like  to  suggest  the  following  as  a  modification  to  the  original 
derivation.  If  it  is  assumed  that  soil  cannot  take  teruion  then  some  other  type  of  differential  element  with  only  compressive  stresses  and 
sheor  stresses  must  be  used.  The  compressive  arch  is  one  type  structure  that  has  only  compressive  stresses  and  shear  stresses.  It  is  possible 
to  assume  that  a  compressive  orch  forms  over  the  buried  conduit.  The  shape  of 
the  differential  arch  depends  on  the  loading  distribution.  The  top  of  the 
differential  arch  is  free  to  change  it's  location  through  the  soil  moss  as  the  stress 
level  changes.  The  assumption  that  the  arch  acts  only  through  a  prism  of  soil 
directly  above  the  pipe  is  not  justifioble  unless  the  pipe  is  in  the  ditch  conduit 
type  of  instaliotion.  The  maximum  shear  stresses  do  not  occur  along  these  ;:rism 
planes.  If  one  makes  use  of  the  theory  of  elasticity,  rhe  region  of  maximum  shear 
stress  con  be  shown  to  be  at  an  angle  of  approximately  45°  from  the  vertical .  The 
arch  should  possibly  be  extended  to  this  region  of  maximum  shearing  stress  because 
this  is  the  region  where  the  friction  forces  of  the  soil  ore  first  mobilized.  The 
proposed  system  could  then  be  integrated  to  determine  the  load  on  the  underground 
structure.  From  data  on  model  studies,  the  support  or  stress  ot  the  support  is  not 
either  the  active  or  passive  soil  stress  but  is  someplace  in  between  the  exact  value, 
being  closer  to  the  active  soil  stress  (see  figure  at  right). 

I  hove  one  more  question  for  Prof.  Spangler.  How  is  the  compat¬ 
ibility  between  the  soil  and  the  buried  conduit  taken  into  account?  Is  this  done 
with  the  settlement  ratio?  I  am  currently  working  on  this  problem. 


CARL  EKBERG:  I'll  hove  to  reloy  that  one  to  Prof.  Spongier  olso. 

MARC  CASPE:  Have  there  been  any  considerations  in  the  use  of  the  imperfect 
ditch  in  open  cut  eonstraction?  That  is,  where  you  are  not  back-filling  but  you  are  actually  trenching  with  side  supports  not  just  an  open 
trench.  Is  there  any  possibility  of  developing  this  shear  reliability? 

CARL  EKBERG:  In  answer  to  your  fint  question,  I  am  not  personally  aware  that  there  has  been  any  applications  of  this  type  of  con¬ 
struction,  I  don't  krtow  of  any  applications  along  t!.'4  line  thot  would  help  in  enswering  the  second  question  either. 

D  .  A,  LINGER:  Our  next  author  is  Major  Ralph  H.  Sievers  who  is  currently  auigned  to  OCRD.  OCRD  is  the  Office  of  Chief,  Reseuch 
and  Development,  United  States  Army.  Major  Sievers  received  his  bachelor's  degree  at  MIT.  His  master's  degree  work  was  done  at  t.e 
University  of  Illinois.  He  has  done  a  great  deal  of  work  on  this  subject.  This  particular  work  was  done,  I  believe,  at  the  Nevada  Test 
Site  on  prototype  structures  os  full-scale  structures.  The  title  of  his  paper  is  "Measurements  of  Soil-Stiucture  Interaction  on  Prototype 
Protective  Structures." 

R.  H.  SIEVERS:  Presentation  of  formal  paper,  see  pages  547-553. 

STAN  BEMBEN:  For  the  figures  that  you  quoted  for  the  equivalent  mau,  ore  they  identical  for  both  techniques  for  the  3,4  point  looding 
compared  to  the  blast  loading? 

R.  H.  SIEVERS:  Yes.  I  got  a  very  good  correlation,  particularly  with  the  180*’  arch  between  the  mechanical  loads,  the  mechanical 
means  of  excitation,  and  the  blast  loodings.  As  you  con  see  from  the  sketches,  I  tried  to  get  these  things  to  vibrate  in  the  flexural  mode. 
The  initial  deflection  where  I  apply  a  load  and  deflect  the  structure  sfould  be  a  fundamental  mode  of  flexural  vibration.  The  measured 
period  was  this  corr^ressive  mode,  I  wouldn't  go  into  the  reasons  why  I'm  sure  It  Is  a  compreuive  mode  but  they  were  compatible  both  in 
comparison  with  computed,  and  also  in  comparison  between  the  rib  and  the  unreinforced  steel  arched  structure.  In  the  latter,  you  would 
expect  a  great  difference  between  the  fundamentals  for  flexural  mode  where  the  steel  ribs  would  provide  a  tremendous  amount  of  more 
flexural  resistance;  whereas,  they  provide  an  olmcet  negligible  amount  of  change  in  the  compreuive  mode.  I  got  69  milliseconds  for  the 
unreinforced  and  64  milliseconds  for  the  ribbed  structure. 

D.  A.  LINGER:  The  next  paper  is  on  the  design  of  reinforced  concrete  buried  arches  and  is  entitled  "Burled,  Reinforced-Concrete 
Arches  Equivalent  Surcharge  Loading  Device  Procedure."  The  paper  was  written  by  W.  J.  Fiathou  and  R.  A.  Soger  and  Bill  Flothou  will 
present  tfw  paper.  Bill  is  from  the  Waterways  Experiment  Station.  He  It  o  graduate  of  the  Unlvenity  of  Illinois  and  has  been  with  the 
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Wgtetways  Experiment'  Station  for  10  yeon.  He  i$  cunrently  Chief  of  the  Structural  Dynamics  section  of  the  Nuclear  Weapons  Effects 
Branch. 

W,  J.  FLATHAU;  Presentation  of  formol  poper,  see  pages  554-573. 

H.  A.  MIKLOFSKY:  Were  secondoiy  stresses  such  as  rib  shortening  of  the  arch  taken  into  account  in  developing  the  interaction  diagrams? 
W.  J.  FLATHAU;  No. 

D.  A.  LINGER:  Any  other  questions?  Our  next  paper  is  "Force  Transmission  Due  to  Cohesive  Soil-Foundation  Interaction  Under  Vibratory 
Loading."  It  will  be  presented  by  an  author  who  has  done  a  great  deol  of  work  in  this  crea.  He  has  all  his  degrees  from  Johns  Hopkins 
Univenity  and  is  currently  at  Northwestern  University.  I  would  like  to  present  Or.  Robert  L.  Kondner. 

R.  L.  KONDNER:  Presentation  of  formal  paper,  see  pages  574-582. 

D.  A.  LINGER:  Are  there  any  questions? 

R.  H.  SIEVERS:  Did  you  make  any  calculotlora  os  to  the  amount  of  soil  which  qaparently  wos  vibrating  in  conjunction  with  the  footing? 

R.  L.  KONDNER:  No,  I  did  not,  but  it  is  my  understanding  that  the  U.  S.  Army  Engineen  Waterways  Experiment  Station  made  such 
calculations  and  for  some  coses  obtained  negative  values. 

0.  A.  LINGER:  Our  next  speaker  this  afternoon  is  from  IITRI.  The  title  is  "On  the  Theory  of  Limiting  Equilibrium  for  Axially  Symmetric 
Soils  Problems."  The  authors  are  C.  J.  Costantino  and  Andrew  Lortginow.  Mr.  Lotsginow  will  present  the  paper. 

ANDREW  LONGINOW:  Presentation  of  formal  paper,  see  fxiges  583-592. 

ALBERT  KNOTT:  Could  either  you  or  Mr.  Hanley  give  me  some  indicotion  of  the  effect  that  you  think  the  shock  wave  that  is  transmitted 
down  through  the  cylinder  from  the  top  surface  would  hove  on  the  sheer  stresses  at  the  structure  soil  interface? 

ANDREW  LONGINOW:  I  would  like  to  point  out  that  the  tests  performed  here  ore  static;  I  cannot  answer  your  question. 

O.  A.  LINGER;  Is  there  any  discussion  on  the  paper  presented  by  Mr.  Merino? 

P.  S.  BULSON:  You  showed  some  tests  on  cylinders  where  you  measured  the  change  in  vertical  diameter  of  the  cylinder.  When  you 

plotted  these,  you  plotted  them  symmetrically  about  the  horizontal  center  line.  Is  there  any  justification  for  this? 

R.  L.  MARINO:  When  I  talk  about  change  in  diometer  along  the  zero  degree  position,  I  am  talking  about  vertical  diameter.  When  I 
talk  of  change  in  diameter  of  the  90  degree  position,  I  am  talking  about  the  horizontal  diameter.  I  obtained  these  various  diameter  changes 
in  the  static  tests  by  placing  the  model  in  the  sand  with  the  LVOTs  oriented  alorrg  the  vertical  and  horizontal  diometer  and  then  obtaining 
a  set  of  reodings.  For  the  next  test,  the  model  wos  rotated  in  the  20  degree  position;  therefore,  I  was  measuring  the  change  of  diameter 
across  at  20  degrees  from  the  horizontol  and  vertical  and  it  gave  the  displacements  to  me  in  these  two  positions.  For  each  test  I  obtained 
two  sets  of  points. 

P.  S.  BULSON:  You  mentioned  the  diameter  clionge,  but  how  do  you  know  it  didn't  all  occur  at  the  top  of  the  cylinder? 

R.  L.  MARINO:  I  don't.  In  one  of  the  other  tests,  for  model  d/t  of  160,  which  is  the  thinnest  model,  I  hod  o  different  system.  In  this 

system  I  constructed  a  shoft  that  went  through  the  end  of  the  cylindrical  shell.  The  shaft  hod  sulphur  lining  boll  beorings  and  was  connected 
to  0  flexible  shaft  which  went  out  through  the  soil  and  through  the  pressure  vessel  itself.  On  the  outside  it  was  connected  to  o  protractor 
device  and  o  pointer.  As  I  applied  each  Increment  of  load  I  could  then  sweep  the  LVDTs  and  measure  the  changes  in  the  radius  with 
respect  to  the  lorrgitudinol  axis  of  the  shell.  Now  this  is  a  different  set-up  than  the  one  I  om  reporting  here.  In  this  case  one  side  of  the 
LVOT  presses  against  one  wall  and  a  probe  against  the  other  wall.  The  pr^  has  a  boll  presMd  into  a  little  plastic  ritting  so  It  wouldn't 
beng  up  but  which  was  spring  loaded  so  it  would  follow  the  contoun  of  the  voll.  Even  though  I  could  sweep  it  the  whole  360  degrees  in 
the  present  device  I  only  put  it  in  four  positions  and  took  averages  to  find  out  what  the  actual  wall  deflection  was.  In  the  other  device, 

I  measured  the  actual  wall  deflection  and  found  that  a  typical  oblong  or  elliptical  shape  resulted. 

P.  S.  BULSON;  Did  you  measure  the  total  settlement  of  the  whole  specimen? 

R.  L.  MARINO:  The  model  In  the  soil?  No,  I  did  not. 

D.  A.  LINGER:  There  is  a  chop  here,  Roy  Butterfield,  who  would  like  to  tell  us  what  he  is  doing  at  Southhampton  University  In  England. 

ROY  BUTTERFIELD:  There  ore  two  points  I  would  iike  to  mention.  Fint,  we  ore  trying  to  evolve  a  method  of  relating  static  test  results 
and  dynamic  tests  on  burled  cylinders  in  sand.  Someone  did  mention  this  morning  this  busineu  of  dynamic  lead  factor  and  I  think  It  Is 
worth  o  bit  mote  emphasis.  If  you  know  the  fundamental  resonant  frequencies  of  a  structural  system,  you  con  colculate  the  response  of 
the  system  to  any  loading  function  you  core  to  apply,  providing  you  moke  the  usual  assumptions  of  elastic  behavior.  A4ajor  Sleveis  has 
shown  that  you  can  vibrate  even  large  structures  relatively  easily  and  It  ought  to  be  possible  to  calculate  the  response,  or  an  approxlrrmtlon 
of  it,  of  thm  structxites  to  any  blast  wove  pulse  loading  thot  you  would  like  to  impose.  We  ere  trying  to  do  this  on  a  model  scale.  We've 
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run  an  extvnsiv*  teri«  of  tests  on  the  line;  of  Prof.  Kondner's  with  base  plates  on  the  sand  and  our  results  agree  closely  with  what  he  put 
up  tliis  afternoon.  We  then  intend  burying  some  of  Dr.  Bulson's  cylinden  in  this  sand  and  finding  the  response  of  this  soil-sand  structural 
system  to  the  some  dynamic  surface  loading.  We  hope  to  be  able  to  predict  from  this  data  the  response  of  some  of  Dr.  Bulson's  structures 
when  he  tests  them  in  o  shock  tube  assembly.  We  buried  the  first  cylindrical  tube  last  week,  and  the  preliminary  results  suggested  that  the 
system  behaved  approximately  as  if  it  hod  two  degrees  of  freedom.  (This  behavior  has  not  been  observed  in  any  subsequent  tests  during  June 
and  July  1964  and  must  be  attributed  to  faulty  instrumentation  in  the  initial  test.  In  fact,  for  16  tubes  tested  to  dote  under  harmonic 
dynamic  loading,  two  salient  features  ore  demonstrated  in  all  tests:  i)  a  decrease  in  the  resonant  frequency  of  the  system  is  caused  by 
burying  the  tube,  ii)  the  tubes  all  foil  by  excessive  crown  deflection  at  a  combined  static  and  dynamic  overpressure  less  than  5  Ib/in^.) 

The  tubes  were  oil  similar  to  those  tested  statically  by  Dr.  Bulson. 

The  second  point  is  related  to  arching  which  may  be  of  some  interest  to  Mr.  Truesdale  who  is  studying  this  problem.  We  also 
looked  around  for  results  which  hod  been  published  on  trapdoor  experimenh  and  we  couldn't  find  any  either.  We  therefore  turned  our 
attention  to  grain  and  cement  silos,  the  behavior  of  which  are  very  much  o  related  phenomenon.  We  have  been  considering  an  idealized 
model  of  uniform  discs  in  a  tegular  packing  (see  Figure  I  below).  From  a  study  of  the  limiting  solutions  of  interparticle  forces  and  friction 
at  the  silo  wall,  you  can  develop  graphs  of  pressure  on  the  wall  against  depth  of  filling.  The  lower  limit  solution  agrees  with  Jansen  and 
with  Prof.  Spangler's  exponential  pressure  distributions;  it  is  a  geometric  series  but  plots  as  essentially  the  same  curve  (see  Figure  2  below). 
Considering  the  upper  limit  solution,  you  obtain  the  other  curve  shown  in  Figure  2.  All  the  published  results  that  we  have  found  on  silos 
fall  in  the  area  between  the  maximum  and  minimum  curves.  The  point  I  really  want  to  moke  about  this  is  that  you  can  get  from  maximum  to 
minimum  wall  pressures  in  this  idealized  model  with  o  very  small  amount  of  relative  particle  movement.  If  there  is  a  trend  for  the  particles 
to  move  os  in  Figure  3a  (below),  you  tend  to  get  the  minimum  wall  pressure  and  maximum  base  pressure  cose,  and  if  the  trend  is  for  the 
particles  to  move  as  in  Figure  3b  relative  to  each  other,  you  can  get  ideolly  maximum  wall  pressures  and  minimum  base  pressures.  (This  is 
what  happens  with  diaphragm  type  stress  gauges  and  occounts  for  the  under-registration.)  It  also  arises  in  silos  because  if  you  start  emptying 
a  silo  from  the  bottom,  you  are  essentially  encouraging  relative  movement  of  Figure  3b  type.  Silo  results  do  show  these  trends  of  stress 
le/e!  whsn  filling  and  when  emptying  the  silo  as  shown  in  Figure  2.  The  minimum  wall  pressures  correspond  to  a  K  value  of  1/3  and  the 
initial  envelop  of  maximum  pressures  gives  a  K  of  the  order  of  cdxxjt  2.  Current  silo  design  tends  to  work  with  a  K  of  about  2.  I  moke  this 
point  fjecouse  it  means  that  K  con  fall  anywhere  between  these  limits,  end  in  the  idealized  model  it  is  purely  a  matter  of  relative  movement 
between  the  discs.  If  you  have  a  silo  half  full,  if  it  is  standing  having  been  filled  for  some  time,  the  wall  pressu/e  could  be  given  by  point 
A  (Figure  2).  If  the  silo  is  being  emptied,  then  the  wall  pressure  could  be  given  by  point  B  (Figure  2).  The  two  apparently  identical 
situations  con  hove  highly  different  stress  patterns.  Point  B,  of  course,  is  unstable  and  if  the  material  were  disturbed  it  would  tend  to  revert 
to  point  A.  This  is  what  I  consider  to  be  meant  by  arching.  Arching,  os  1  understand  it,  has  some  degree  of  impermanence.  It  can  readily 
be  upset  from  the  arched  to  the  "non-orched"  state.  !  would  suggest  that  this  aching  is  a  phenomenon  related  solely  to  granular  moterials 
where  interparticle  "cohesive"  forces  ore  negligible.  Up  to  new  a  number  of  papers  hove  discussed  idealized  elastic  media  and  stress  con¬ 
centrations  around  lined  holes,  and  described  this  as  arching  action.  I  would  suggest  that  this  is  not  arching.  It  is  either  stress  concentra¬ 
tion  or  stress  relief  otkI  I  feel  we  w.'ll  misieod  ourselves  if  we  confuse  these  terms.  The  case  of  an  elastic  plate  with  a  hole  produces  stress 
concentration  or  stress  relief,  it  is  permanent,  and  it  is  not  affected  by  vibration,  whereas  arching  is  purely  a  granular  material  phenomenon. 
It  is  Impermanent  and  the  two  ate  not  In  any  way  related.  I  think  that  using  the  term  "arching"  as  a  word  to  cover  all  these  phenomena  is 
confusing  and  incorrect. 


FigLjr«  I 


Figure  J 


Figure  V 

0.  A,  LINGER:  This  ofternoon't  session,  on  Design  ond  Prototype  Studies,  Ikjs  rather  thoroughly  considered  design  aspects  of  much  ot 
the  research  presented  in  earlier  sessions.  In  addition,  some  prototype  testing  results  hove  been  presented  which  are  directly  involved  with 
underground  shelter  design  procedures.  Some  of  the  materiol  presented  this  afternoon  deals  with  theory  ond  procedure  presented  in  the  late 
192(kandeorly  1930s.  Itisindicatedthatvery  littlehasbeendoneintheinterimtowardimprovingtheunderstandingofthedesign  of  underground 
structures  until  the  quite  recent  general  realization  of  extreme  looding  criterio  resulting  from  the  threat  of  the  nuclear  weopons  effects. 

For  some  time  we  hove  designed  underground  structures  with  little  knowledge  of  the  distribution  or  redistribution  of  pressures 
resulting  from  soil  or  structure  characteristics,  or  the  beneficiation  effects  of  the  soil  on  the  structure  itself.  Many  aspects  of  questions 
relating  to  bosic  soil-structure  interaction  pehnomeno,  often  somewhat  in  conflict,  have  been  discussed  here.  It  is  hoped  that  the  primary 
objective  of  this  Symposium  (to  provide  a  forum  wherein  researchers,  STgineeririg  educators,  ond  practicing  professionols  moy  meet  to  review 
the  current  state  of  the  ort  ond  to  present  their  contribution  to  odvoncement  of  the  subject  of : "'ll -structure  interaction  as  applied  to 
protective  construction)  has  been  fulfilled.  The  published  Proceedings  should  be  of  great  interest  to  persons  errgoged  in  research  and  design 
involved  with  underground  structures. 

Editor's  note:  An  abbreviated  venion  of  the  following  presentotion  wot  given  during  the  Monday  Afternoon  Session  on  "Wave  Propagation 
in  Soil  Adedia."  it  is  presented  here  os  a  formol  paper  with  pertirtent  discussion  appended. 
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APPLICATION  OF  THE  ONE-SIDED  FOURIER  TRANSFORM  TO  DETERMINE 
SOIL  STORAGE  AND  DISSIPATION  CHARACTERISTICS 

by 

Raymond  J.  Krizok* 

INTRODUCTION 

Thooratlcai  developments  in  soil  dynomics  ore  very  restricted  in  their  obilily  to  represent  actual  field  conditions  due  to  the  com¬ 
plexity  of  soil  os  o  structural  material  and  the  complicated  interaction  of  the  soil  ar>d  the  structure  being  supported.  One  aspect  of  con¬ 
siderable  interest  to  the  errgineer  carrcemed  with  earthquake  or  blast-resistant  design  is  the  determination  of  the  frequency-dependent 
energy  storage  orrd  dissipation  characteristics  of  the  soil.  Among  other  things,  these  properties  influenra  the  propagation  velocity  and 
attenuation  of  gerrerated  waves  and  ploy  a  mojor  role  in  the  problem  of  soil-structure  interaction.  It  is  the  object  of  this  study  to  present 
a  method  by  which  experimental  results  from  a  conventiocKil  creep  test  may  be  utilized  in  conjunction  with  the  one-sided  Fourier  transform 
to  yield  information  regarding  dynamic  soil  properties  required  in  the  solution  of  any  boundary  value  problem  in  soil -structure  interaction. 

THEORETICAL  CONSIDERATIONS 


Complex  Viscoelastic  Parameters 

li’  a  linear  viscoelastic  material  is  subjected  to  a  siruisoidolly  varying  stress  of  amplitude  at  a  given  frequency  of  oscillotion, 
w  ,  its  steady  state  response  will  be  a  sinusoidally  varying  strain  of  amplitude  at  the  same  frequency  but  lagging  the  stress  by  a 
phase  angle  B  .  The  existence  of  a  phase  angle  leads  to  the  consideration  of  the  strain  components  in  phase  and  out  of  phase  with  the 
applied  stress.  The  component  of  strain  in  phase  with  the  stress  divided  by  the  stress  is  called  the  storage  complioiKe  J’  and  con  be  written 


Co  “*  8 

^-D 


0) 


The  storage  compliance  is  related  to  the  energy  stored  and  completely  recovered  for  a  sk^le  cycle  of  deformation.  The  component  of 
strain  in  quadrature  with  the  stress  divided  by  the  stress  is  called  the  loss  compliance  J"  and  con  be  expressed 


J" 


€o  8 


(2) 


The  loss  modulus  Is  associated  with  the  eneigy  dissipated  for  a  single  cycle  of  deformation.  The  storage  and  loss  compliances  can  be  com¬ 
bined  vectorially  in  the  complex  plane  to  give  a  complex  compliance  J*  written  os 


J*  =  J*  -  I  J" 

The  absolute  value  of  the  complex  compliance  |  J*|  is  expressed  os 

|j*(  =j  j'-ij"|  =  yJTrTnj? 

Substitution  of  Equation:i  1  and  2  into  Equation  4  gives 


(3) 

(4) 

(5) 


In  terms  of  the  comporMnts  of  the  complex  compliance,  the  loss  tangent  (or  tan  d  )  con  be  written 


tan  8  « 

In  0  similar  manrter,  material  response  may  be  expressed  olternotively  in  terms  of  storage,  toss  and  complex  moduli,  given  os 


E' 
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and 


E*  -  E'  >  I  E" 
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rMpoctively,  The  magnltu<je  of  the  complex  inoduiut|  E*|  may  be  wriften 

|E*|  =|E'  +  iE-| 

white  the  lots  tangent  is  given  os 

E” 

fan  S  =p- 

Although  E*  =  1/J*  ,  their  individual  components  ore  not  reciprocally  related,  but  ore  connected  by  the  equations 
E'  V 
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Tronsformotions 

there  ore  two  distinct  methods  of  obtaining  the  complex  compliance  of  o  material .  The  first  is  based  on  o  series  of  dynamic  tests 
to  investigate  the  steody-stote  response  under  sinusoidal  stresses  of  various  ftequeiKies.  In  this  case,  discrete  poiis  of  values  for|  J*|  and 
^  are  obtained.  These  may  then  be  opproximated  by  representative  expression  for  J*  ,  The  secortd  method  is  based  on  applying  a  known 
stress  ^(t)  to  a  material  and  measuring  the  resulting  strain  ^(t)  which  consists  of  both  traruient  and  steady-state  components.  The 
applied  stress  (t)  and  resulting  strain  ^  (t)  may  then  be  approximated  by  appropriate  equations  otsd  traruformed  into  the  frequency 
domain  by  means  of  one-sided  Fourier  traitsfdrms.  The  ratio  of  the  transformed  strain  to  the  trortsformed  streu  yields  directly  the  complex 
compliance  J*  in  ortaiytical  form.  Hence,  a  single  transient  test  can  produce  all  the  information  contained  in  on  exterssive  series  of 
variable  frequency  tests. 

The  one-sided  Fourier  transform  expressions  for  stress  arsd  strain  may  be  given  a 

00 


r*(«)=  I 


P-(t)  • 


-i«t 


ond 


^(«)  =  j*  €<') 
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dt 


dt 
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where  is  expressed  in  radian  frequency.  The  theoretical  development  of  Fourier  transforms  end  the  conditions  under  which  they  exist 
may  be  found  in  texts  by  TItchmanh  (1937)  and  Sneddon  (1951).  Although  the  functions  ^  (t)  and  ^(t)  in  Equotiora  16  ar«d  17  moy  not 
meet  the  existence  requiiements  and  thereby  not  possess  rigorously  defined  transforms,  a  long  a  they  ore  sufficiently  well-behaved  (a  in 
a  greet  nundser  of  viscoelaHc  problems)  the  trensfonre  of  closely  related  expressioa  con  be  obtained.  Fa  example,  the  Fouria  traisform 
of  a  step  function  is  nut  rigorously  defined,  but  multiplication  of  o  step  function  by  the  "convergetKe  factor”  e~”l  (where  k  is  positive),  a 
explained  by  Wylie(1951),  may  be  used  a  an  artifice  to  handle  such  casa  wherein  the  procen  of  letting  k  go  to  zero  is  palported  until 
ofM  the  troraform  ha  been  safely  token.  Anotha  technique  of  crxuidalng  a  slightly  different  problem  ha  been  employed  by  Lockett 
(1961)  to  circurrvent  this  some  difficulty.  Such  monipulotions  allow  formol  integration  and  do  na  saiousiy  affect  results  in  the  region  of 
the  time  spectrum  coraidatod.  Tha,  Equations  16  and  17  may  be  formally  integrated  by  parts  to  give 


a 

1  9.(t)  e  dt 

Q 
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^(0)  and  f(0)  ore  the  "instontaneoa*  volua  fa  stress  and  strain,  ortd  6p  (t)  and  ^(t)  ore  the  time  derivaiva  of  stress  ond 
strain,  respectively.  TTw  complex  compliance  J*  osiuma  o  form  given  by  Equaion  3  and  may  be  erqsrassed 


(20) 
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A  mora  rigoroui  matfiemoHcal  treatment  of  the  preceding  theory  hot  been  given  by  Grots  (1953),  and  applications  of  Fourier  transforms  to 
viscoelastic  analyses  hove  been  reported  by  Read  (1950),  Bland  (1957)  and  Lockett  (1961). 

EXPERIMENTAL  PROCEDURE 


Soil  Tested 

tfie  soil  investigated  is  a  remolded  plastic  clay  whose  characteristics  hove  been  previously  reported  by  Krizek  and  Kondner  (1964) 
as  liquid  limit  46%,  plastic  limit  30%,  shrinkage  limit  20%,  plasticity  index  16%  ond  specific  gravity  2.74, 

Description  of  Test 

The  experiment  used  in  this  investigation  is  the  uniaxial  compression  creep  test.  To  study  the  creep  response  of  a  material  a  stress 
is  instantaneously  applied  to  the  specimen  and  maintained  constant  while  strain  is  measured  as  o  function  of  time. 

The  rest  reported  herein  is  actually  a  constant  load  test  and  iMt  c  constant  stress  test.  This  procedure  is  commonly  used  by  many 
investigoton  due  to  complications  involved  in  the  determinotion  of  the  magnitude  and  distribution  of  oea  variations  along  the  length  of  the 
specimen  and  the  difficulty  of  automatic  load  variation  to  compeieate  for  such  changes.  For  small  strains,  the  use  of  a  constant  load  test 
seems  quite  reasonable.  The  constant  stress  is  taken  as  the  constant  load  divided  by  tite  initial  area  of  the  specimen,  and  the  strain  is  token 
as  the  time-dependent  deformation  divided  by  the  initial  length. 

Conduct  of  Test 

Tfie  particular  test  reported  herein  was  conducted  in  o  direct  load  apparatus  where  the  load  was  applied  through  a  hanger  system  by 
use  of  weights  and  transferred  to  the  specimen  by  a  verticol  shaft  passing  thr^h  a  bail  bushing.  The  defcirmation  was  measured  with  on 
indicator  dial  placed  at  the  top  of  the  apparatus.  In  order  to  reduce  moisture  losses  throughout  the  test,  the  specimen  was  protected  by  a 
thin  rubber  membrane  and  enclosed  in  a  standard  triaxiol  cell  without  lateral  presRiie.  Due  to  the  short  duration  of  the  test  (ten  minutes), 
it  was  deemed  unnecessary  to  take  further  precoutions,  such  os  multiple  meiiirranes  or  various  coatings.  After  the  creep  test  was  completed, 
0  conventiorwl  coretont  strain  rote  unconfirted  compression  test  was  conducted  on  the  specimen. 

in  order  to  obtain  o  record  of  deformation  response  during  the  short  time  portion  of  the  test,  the  indicator  dial  was  photographed 
with  a  Wollensok  Sixteen  Model  93  movie  camera.  The  camera  was  started  several  seconds  before  the  load  was  applied  and  continued  to 
operate  for  approximately  ten  seconds  after  load  application.  Beyond  this  time,  dial  teodings  were  recorded  manually  at  desigrKited 
intervals  throughout  the  ten  minute  duration  of  the  test. 

Specific  values  for  the  porameten  of  the  reported  test  ore:  specimen  length  8.20  cm,  specimen  diameter  3.60  cm,  moisture  content 
30.5%,  unconfined  compressive  strength  2.12  kg  per  sq  cm,  and  applied  load  12.5  kg. 

ANALYSIS  OF  EXPERIMENTAL  DATA 


General  Appraoch 

A  ma|or  problem  of  analysis  lies  in  obtaining  suitable  analytic  expressions  which  describe  sufficiently  well  the  eryerimentol  results 
and  are  ameni^le  to  mathemoii^ol  manipulorion;  that  is,  the  transforms  con  be  obtained.  While  It  Is  true  thot  for  o  creep  lest,  os  was  con¬ 
ducted,  the  stress  varies  slightly  with  time  due  to  chcnges  in  crass  ■sectional  oreo,  these  chonges  ore  saxdl  and  not  unifo^y  distributed  o 
over  the  specimen  length.  Therefore,  the  approximation  of  cn  (t)  by  o  constant  stress,  (0),  applied  *  instantaneously”  at  lero  time  lies 
well  within  the  limitotiorv  of  experimental  work.  Utilizing  the  fact  that  v  eon  be  considered  o  conetoit,  »(t)  vanishes  and  the 
trorwfdrmed  stress  may  then  be  written  from  Equation  18  os 


The  strain  response,  £(t),  may  be  approximated  by  o  series  written  as  followsi 
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where  (a  *  bt]  is  the  steady-state  response  and  the  last  term  represents  e  series  of  N  exponential  terms  required  to  adjust  the  steody  stote 
response  for  small  times.  Data  reported  by  Kondner  osd  Krink  (1962)  far  creep  tests  certducted  for  tfmis  In  eiscess  ef  K,W  minutes 
indicate  that  such  a  steedy^tata  response  is  never  attained,  but  rather  the  strain  rata  is  constantly  decreasing  thraugheut  the  duration  of 
.he  test.  With  regard  to  the  curve-fitting  procedure  to  be  utilized,  b^  rspresents  a  "datum”  which  is  odjusted  by  means  of  the 
exponential  terms  to  yield  the  esyerimental  strain  response.  Hence,  it  could  be  reprseented  equally  well  by  a  constant  which  may  be  taken 
os  the  "ultimata”  strain  at  very  large  time  or  some  otter  suitable  volua  as  deemed  qpplicabie  by  the  IndhriAiol  invesHgotar  for  the  postic- 
ulor  analysis.  As  may  be  et^ectad,  the  effect  of  this  term  Is  monifestad  primwily  In  the  region  of  large  time  or  low  frequency.  In 
Equation  22  c,,  ond^  ore  ocnstants  to  be  determined  by  curve-fitting  te^lquee  end  N  Is  the  number  of  terms  required  to  produce  the 
dtered  accuracy.  Tte  odvOTtage  of  such  a  form  Is  thot  it  permits  the  ej^erfmental  data  to  be  fit  to  any  dck.red  accuracy  cssd  y^  lensb 
Itself  to  simple  trensfcrmaMon  techniques.  Susdi  an  approach  has  been  einplayed  ^  tepozicn  (1962)  fat  on  fawestigaHan  of  the  constitutive 
behovlor  of  asphaltle  concrete. 

Upon  dlfferentlotion  with  re*  ect  to  Hme,  Equation  22  becomes 
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SuUtitution  of  Equotion  23  into  Equation  19  yields  th«  tronsformod  itroin  os 
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Formal  intogrotlon  of  Equation  24  and  substitution  of  limits  gives 
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Substitution  of  Equations  21  and  25  into  Equation  20  gives  the  complex  compliance  as 


J*(«)  =  J'(le)-i  J"(«)- 
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Equoting  reel  ond  imaginary  ports,  the  storage  ond  loss  compliortces  may  be  written  os 
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and 
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Specific  Applieotion 

Figure  I  gives  the  results  of  o  typical  test  during 
the  first  secortd  after  lood  application.  As  can  be  observed, 
the  octuol  load  application  was  not  Instontorteous"  but 
required  somewhat  less  than  one-fifth  of  a  second.  Utilizing 
the  extrapolated  dashed  curve,  the  time  interval  for  all 
subsequent  calculations  is  token  os  0.18  secondi  lest  than 
the  oeluol  elapsed  time.  This  is  significant  only  in  the 
region  of  short  time. 

The  creep  strain  versus  time  response  for  the  entire 
ten  mirtute  duration  of  the  test  is  shown  in  Figure  2.  If  the 
constants  a  and  b  in  Equation  22  ore  token  at  0.0225  and 
zero ,  respectively,  the  strain  differerKe  between  the 
"datum  level"  and  the  octuol  experimental  value  [that  is, 
0.0225  -  f  (t)]  may  be  plotted  os  shown  in  Figure  3.  The 
data  beyond  150  seconds  may  be  approximated  by  the 
equation 

C,  •  0.004. 


f 

u 


Time  tseeandsl 


Fig.  I  Creep  Strain  versus  Times  Short  Time  Region 


Figure  4a  shows  the  next  successive  ;tmln  differerKe  (thot 
is,  0.0225  (t)  •  C|)  plr^tted  versus  time,  t>6  the 

equation  approximating  tlw  doto  beyorrd  25  sccondb  may 
be  written 
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In  similar  manner,  three  more  such  approximations 
ore  shewn  in  Figurat  4b,  4c  ond  4dj  these  yield 
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Typical  Creep  Strain  Respertse 
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SOK.-STRUCTUfiE  INTWACTtON 


C  o«wpllonc»  FwncHon  topTWtnWlon 

Utilising  (|uanHtativ«  valuM  giv«n  in  Equotiom  34,  35  and  34,  ipocific  form*  of  Equ^ions  27  and  28  (tha  ttorag*  contpiionca 
and  loM  complionca)  may  ba  written  oi 


/(-)  = 


and 


r„.,  0.0445  I.I2I2  258.2  15624  419590  1 

*■  0.00001 19  ♦  0.000511  ♦  «  0.05476+  6.8644+  92.16+  -  J 

,,  ,  r  12.90  49.61  1103  5964  43707  1  ,«-6 

J"(  «  )  “  I - y  - - 5  +  - >  +  - K  +  . -  ■%  I  u  10 

10.0000119+  0.000511+-  0.05476+--  6.8644+-'  92.16^-  ■» 


10 


(37) 


(38) 


TImm  porametwt  ore  oHocioted  wiHi  tht  onoigy  rtorqga  and  diuipation  choracterittlc*  of  material .  T>i«  foms  of  Equations  37  and  38 
ore  quit*  sartsitiv*  to  lha  occurocy  of  tfi«  analytic  approximation  to  tho  exparlmantol  data,  and  this  in  turn  Is  govomod  primarily  by  tbe 
numtlar  of  torms  uHtizad  in  Equation  22. 

Sine*  tfw  particular  lost  data  onolyzod  oxtorrdi  owor  a  time  range  iiom  a  fraction  of  a  socortd  to  six  hundred  lecortdi,  extrapolation 
beyortd  this  range  nuet  necessarily  be  opprooched  with  caution  until  such  time  as  o  comprehensive  experimental  and  arvolyticol  study  pro¬ 
vides  confirnwtian  one  woy  or  the  other.  The  Integrals  given  in  Equotiorw  16  and  17  (or  equations  derived  therefrom)  depend  on  oil  values 
of  stress  or  strain  in  the  entire  interval  from  teio  to  infinity  and  cannot,  in  general,  be  expressed  in  terms  of  a  portion  of  the  time  spectrum. 
A  rigcMosM  tfonsfermotion  con  be  determined  if,  ortd  only  if,  the  measured  resportse  is  known  over  the  entire  time  scole  and  ewt  be  forneiloted 
in  an  orwlyticol  expression  omertoble  to  subsequent  mathematical  treotment.  The  artifice  employed  herein  to  oilow  formal  integration 
implies  that  the  material  response  for  long  times  contributes  relatively  little  to  the  response  tpeclrur).  Ir  -wy  experiment  covering  a  limited 
range  of  the  time  scale,  the  observable  time-dependent  effects  ora  controlled  primarily  h,  orr<cets  t  -hose  rcioxorion  os  ratordotion 
times  are  of  the  some  order  of  magnitude  os  the  time  scale  of  the  experiment.  Hens  t;  hw  -^jecti+e  stC'C'-ficonce  cf  ony  functionoi 
relationships  derived  from  limited  experieiental  doto  must  take  recognition  of  thi+  '  )vt.  one  exorr^.L,  Treloor  (I95g}  reports  that  on 
overwhelming  contribution  to  the  relox^on  spectrum  for  butyl  rubber  arises  from  v^ey  sK.ot  reioxafi.n  timet,  '^hete  mechonhmi  with 
reloxotion  times  between  10*^  and  10*'  seconds  contribute  obout  10,(XX)  times  os  mi>ch  os  those  '>’rn  .elaration  times  betv.een  0.1  ortd 
100  seconds.  The  preceding  comments  ore  not  intended  to  suppress  the  use  of  lechniquM  tc  investigote  soli  resportse  characteristics, 
but  rather  to  establish  o  thorough  appreciation  of  the  restrkliorts  associated  tfitn  this  approach.  This  general  procedure  of  analysis  hoi 
been  utiliud  with  much  apparent  success  by  wotketi  In  the  field  of  polymers  ompite  the  prasence  cf  some  cf  ifie  some  proble*nt.  Not 
ertough  Is  reolly  kisown  about  the  constitutive  resportse  of  toils  to  be  overly  -ap«imist!c  or  pemimistic  concerning  ;he  ieceibillty  of  sreh  an 
opprooch,  but  it  does  oppeor  to  offor  o  vory  roHorwl  storting  point  for  obtoirir  g  a  phenomertologicoi  deecHption  of  eail  behmrior. 

AMedng  that  d^  is  ovoiloble  mrer  e  tufficientiy  lotge  time  sc<^te  to  eliminate  arty  odvssrM  effects  due  to  etrotteous  extrapolation, 
o  singlo  lieneient  test  on  o  linear  vhcoeietHc  materiel  ht  the  time  domoi.^  ts  sufficient  to  ebtoin  ihe  carretpontfng  streie  ittoin  reloHonehip 
(os  tiipreteed  herein  by  Ihe  complex  corqpliortce)  in  the  frequency  domain.  In  general,  sell  *111  exhibit  o  notillnece  constitutive  response, 
end  o  tlrtgle  test  will  itol  suffice  to  determine  uniquely  the  contpererdt;  of  the  complex  conpliisnce  function ,  A  series  of  tests  will  hove  to 
be  conducted  et  o  variety  %J  strem  leveit,  end  each  test,  when  emoty+'ed  in  the  mattnei  present^,  will  >  :»ia  relotiortshipt  quoiitotlvely 
similar  to  ihoM  given  in  Equotiera  37  ersd  31,  Thus,  for  0  nonlinear  msderiot,  the  storage  low  conptionce  furtetions  will  be  boTh 
froquency  ertd  stress  depsrsdsrst,  end  o  family  of  curves  will  he  Meoi-eis, 

The  H«e  rortge  selected  for  the  test  enelysed  herein  is  net  fa  be  cenetrued  <•  o  limitation  of  the  technique  presented.  The  range 
wes  chosen  primorily  for  conventerKe  since  the  only  irsteni  af  the  test  was  to  provide  typicoi  dote  for  iHustreritg  o  technique  of  m'olysii. 
Using  tho  quoliletive  equivoiettce  of  w  •  l/i  (  -  in  rei^on  frequency)  os  expieined  by  ferry  (1961),  the  time  range  horn  e  hti-Jitin  of  e 
socortd  to  rix  hundred  secotsds  cotresportdi  opproeimetely  so  «  freqponcy  tenge  of  2  to  0,0002  cycles  per  sst^ona  .  longer  times  in  a  creep 
lest  ere  oosily  ebtetnodi  shewer  times  ore  limited  to  some  exNnt  by  the  higenulty  of  the  invest tgator.  While  the  creep  test  technique  does 
net  lend  itself  to  dkeet  deietmineKen  of  high  frequency  lesporee,  it  is  porsfl-te  ••■a*  cMu  'xoy  be  obfairsed  over  o  tuH^ieniiy  wide  region 
of  the  Hem  spectiwm  so  justify  Its  ^pllcoHen  to  many  dynamic  soil  pretderm  of  intenrst. 


WAVS  K09A0AT10N 


Field  E 


quotten 

He  Hold 


equoHen  for  one  dimenilanel  diletetlen  wove  prgpegetion  through  e  meiertoi  may  be  writietx 


(39) 


where  IF*  is  Ihe  stress,  u  is  Ihe  lengihidlnel  digleCement,  eitd  ^  is  the  moss  denMry .  OiflerenHeHon  of  Equation  39  with  tmipect  to  « 
end  siilwHiulien  of  the  eundord  Ceuchy  oiiprweliir  for  strain  etiews  the  field  equation  i«  be  wriNen  m 


(40) 


In  eddIHen  to  suiOiMo  beurndwy  end  MHoi  cersdiHono,  the  sehiHon  of  EquoHerr  40  ras|uinsi>  the  use  of  some  form  of  constitutive  reieiion 
for  Ihe  oseierle).  In  general,  ihera  is  nc  siegle  egyreHen  eigrasiing  shorn  in  terms  of  shein  for  o  lee*  *vitcoeia*Hc'  seii.  end  eermsquenHy 
no  hesleble  oMgrawiora  for  Hw  pragagWien  of  on  othlmey  ^stusbence  in  sucvn  a  meietiil  cot«  be  given. 


DISCUSSION 


Sinutoidol  Wovw 

C  omidaring  Hw  propagation  of  a  train  of  tinutoidol  wovm,  ttros*  con  ba  rolotod  to  strain  by  moons  of  a  complox  modulus,  os  givon 
by  Equotion  9.  Thus,  for  o  sinusoidal  disiuibanco  in  a  lincor  viscoolostic  motoriol,  Equolion  40  ostumos  tho  form 


E* 


(41) 


According  to  Kolsky  (I960),  th#  solution  of  Equotion  41  for  o  progrossivo  sinusoidol  wovo  of  rodion  froquoncy  w  whoM  displocomont  ot 
the  origin  is  cos  wt  is  givon  by 

€  =  €o*'*“  (42) 

-vhoro  c  is  tho  wenro  propogotion  volocity  givon  Sy 


c  -  «  4 

and  •  is  tho  ottonuotion  written  as 


(43) 


(44) 


Fnspagotton  of  Pultoi 

I?  t^  prapogoNon  constants  e  and  •  aro  lusowf  functions  of  froquoncy  ovor  a  sufficiantly  wido  froquoncy  range,  Kolsky  (I960) 
has  inferred  tho  propagation  of  on  arbitrary  distvsrbonco  in  iinoar  molsriols  by  mootss  of  Fourier  s;-ntWis.  if  f(w  )  is  o  coi^ox  function 
o>'  u  i>h!ch  dofinos  tho  shape  of  tno  distwrfaorKo,  tho  displocomont  proskte^  by  *ho  disturbortco  at  tho  origin  is  expressed  by  tho  Fourier 
int-igrui  os 

wW)  *  ^  f(w)  o'  *  da  (45) 


Then  ot  o  ihstot'c*  x  oionp  tt  *  fitomonl,  tho  displocomont  Is  givon  by 

oi«)  » 


if  tho  voiuos  «f  j  f  "j  orsd  ft  ore  known  from  experiment  over  the  r«i«vont  froquoncy  r'>ngo,  tho  shape  of  tho  putso  eon  bo  colcwlolod 
mmiocicoily  by  uoo  M  tquoHr-i'a  43,  44  and  4n  sinco,  in  gonoroi,  the  substitution  af  Jhooreticol  oxprosslons  Into  Equotion  M  does  not 
food  to  Itaeteibio  intograU, 

The  procoding  eppraoch  is  efrsesmod  with  the  pnepog^ion  of  piano  wmras  ond  is  appliccMo  for  o  iorsgitudinol  disMbwteo  olorg  o 
fiiomoni  whore  tho  rsrfsrvont  Fourier  spoclrum  of  tho  sfishoborteo  eonfoins  only  components  whoso  wgvolongth  is  iqtgo  compared  with  the 
diwhstor  of  bio  fslotsoni.  A  pl«io  wovs  propogostd  throsgh  on  unbounded  yisccoloitic  mo^um  eon  ho  trootod  similoriy  in  terms  of  o 
complox  me^us  tnvoiving  tho  bulk  moAifus,  White  littio  thooroticel  woik  gn  gonorol  **-*««  simonsiOMt  wove  prepogotton  in  viicoolsotic 
motoriots  hoi  boon  dsno,  e  doioilod  dflcuSsion  «f  the  psrobioms  tnvotvod  hco  bow<  givon  by  Hunter  (i960). 

There  ore  low  oecowntt  in  the  iilorehoe  o*  nporimostoi  work  on  the  problom  j*j  puiw  prapogetien  in  viscooioitic  matorlots. 

Koliky  (1954,  1934)  has  lopottsd  some  muioomonts  on  the  change  In  shopo  of  tongtludtnai  sJ»o»  pwisos  os  they  novot  olang  rads  of  pe',- 
mothyl  moihociyta»i  end  pniyodglono.  TVio  toiuits  hove  boon  spolyood  nuomricoiiy  using  the  Fosoior  lynPioiis  to^mique  end  rspioeing 
the  Fowrtor  InNgrwl  by  o  Fossrior  sortos. 


»(-)  • 


•  o  X  e  { V  (t-v  e ) 


dw 


(46) 


Exporim^M  Msulh 

iuisllMtonof  the  smontftothio  omtIyHcd  rosuib  givon  by  EquOtions  37  end  34  into  Equetsoni  4  and  10  oltows  tho  imgnitvds  of 
ttrneompioxmsiiuiuskiofsdthaphaooangto  ft  to  be  ospromod  os  functiens  sd  ftoquqncy  for  <s  givon  tirois  lovol.  Thooo  rotoHondOps 

5  Wkf  4,  It  is  M?  that  the  'Irtogwtoritioi''  in  tho  phoso  ongio  plot  of  Ftguro  4  ora  mordfoitotiara  of  tho  iindiod  nmdbra 

r  ,  ;  j 


Aq  fl  most 

Fig.  5  C  ooplox  Modukft  versus  Froquoncy 
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of  forms  in  fhe  cufve  fit  rottior  than  th«  fundomtntol  bohmior  of  fho  soil.  Assuming  fHof  th«  sut!  rasponso  cor  bo  opproximoioti  by  lin«or 
viscoolostic  tfwoiy,  tbo  curves  giv4n  in  Figure  5  and  6  will  bo  unique;  H>ct  is,  indopondont  of  stress.  Use  of  Equations  43  end  44  in  con¬ 
junction  with  provlou?  results  for  |E*t  orsd  ft  ollows  tfto  wovo  propagation  velocity  c  ar>d  artenuoflon  OT  to  bo  expressed  os  s^uvn  in 
Figures  7  arxl  8, 


Ag^(em)  Jtxiq^(cm) 


Fig,  7  Wove  Propagation  Velocity  Versus  Frequency  Fig.  8  Wave  Attenuation  Ve.'sus  Frequency 

Similar  information  on  {  El  ,  ) ,  c,  and  (X  has  boon  obtained  by  Kondner  (1962)  ove<-  a  more  restricted  range  by  use  of  steady- 
state  vibratory  techniques. 

Utilizing  the  concept  of  logarithmic  decrerent,  a  study  of  the  propagation  and  dissipation  of  elastic  wave  energy  in  gronular  soils 
has  been  mode  by  R^chart,  Kol!  and  Lysmer  (1962)  and  Hall  and  Richort  (1963).  Heierli  (1962)  reported  a  similar  study  taking  into  occount 
the  compiex  nonlineo<  and  irelustic  stress-stroin  relationship  for  soils. 

Nonlinear  Appiooeh 

To  dote,  tfie  theory  of  nonlinear  viscoeiostic  wove  propogation  hos  received  li*tle  otrention.  One  study  by  Malvern  (1951)  con¬ 
cerns  the  problem  of  plastic  wave  propagation  in  a  metal  which  exhibits  a  strain  rate  effect.  Hillier  ond  Kolsky  (1949)  carried  out  some 
exporimental  work  on  the  propagotion  of  longitudinol  sinusoidoi  waves  of  smoll  amplitude  in  filements  of  polyethylene,  nylon  and  various 
rubbers  which  hod  been  statically  <^trained  out  of  tlie  region  of  linear  viscoelasticity.  By  measuring  the  "tangent"  dynamic  modulus  at 
large  strains,  it  was  found  that  the  velocity  of  propagation  increased  considerably  in  some  cases.  For  one  synthetic  rubber  (Neoprene), 

I  El  inctecoed  more  than  one  hundredhoid  as  the  specimen  was  stretched  to  six  times  its  original  length.  Consequently,  the  propagation 
velocity  increased  mote  then  ten  times. 

As  previously  mentioned,  the  constitutive  response  for  many  soils  is  often  sufficiently  nonlinear  to  preclude  the  direct  application 
of  theories  of  linear  viscoelosticity.  However,  when  utilized  with  a  piopw  reolizotiun  and  respect  for  its  llmitotiorw,  linear  theory  con 
provide  valuable  insight  to  general  modes  of  o,jproach  to  nonlinev  soil  problems. 

For  o  nonlineo'  moteriol,  the  relations  for  f  EH  and  g  shown  in  Figures  5  and  6,  os  well  os  the  expiessiora  for  J'  and  J"  given 
by  Equations  37  and  38,  would  be  stress  dependent  and  o  family  of  curves  would  result  —  each  corresponding  to  o  porticulor  stress  level. 
Once  obtained  tor  o  given  material,  these  storage  ond  dissipative  functions  would  have  tc  be  utilized  in  conjunction  with  the  field 
equation  given  by  Equotion  40  to  determine  o  solution.  Although  quite  complex  and  onolyticolly  unfeasible,  the  problem  may  lend  itself 
to  o  numerical  opprooch  similar  in  nature  to  diot  utilized  by  Petrof  and  Gratch  (1964)  and  Wolosewick  (1962).  However,  their  approaches 
would  hove  to  be  modified  by  oi  iterative  procedure  to  occount  for  the  additional  feature  of  stress  dependence. 

SUMMARY 

Tlie  work  reported  herein  hos  illustrated  the  use  of  one-sided  Fourier  transform  techniques  to  transform  the  results  of  constant  stress 
experimental  test  data  for  a  remolded  plastic  cloy  into  the  frequency  domain  and  thereby  obtain  approximate  expressions  for  the  storage 
and  loss  compliance  functions.  These  porometeis  are  ossocioted  with  the  energy  storage  and  dissipation  properties  of  the  soil,  and  they 
may  be  utilized  as  the  constitutive  relations  in  the  solution  of  the  one-dimenslonol  field  equation  for  dilatation  wove  propagation  and 
attenuation. 

The  i>se  of  such  techniques  on  o  linear  viscoelastic  material  requires  only  a  single  transient  test  in  the  time  domain  to  obtain  the 
corresponding  stress-strain  relationship  in  the  entire  frequency  domain.  Although  most  soils  ore  not  "linear  vlKoelostic,"  results  obtained 
by  means  of  this  assumption  may  provide  valuable  Insight  into  the  analysis  of  available  data  and  the  development  of  new  test  procedures. 
Coruiderotlon  of  the  actual  nonlinear  constitutive  response  will  produce  a  family  of  curvet  or  equations  for  the  fiequericy-dependent 
complex  compliance  —  each  corresponding  to  a  particular  streu  level.  The  use  of  discreto  points  for  this  compliance  function  in  con¬ 
junction  with  the  field  equation  may  land  itself  to  o  "marching''  type  iterative  numerical  solution  to  one-dlmentionol  wove  propagation 
problems. 
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MICHAEL  ANTHONY:  I  wonder  if  Or.  Krizak  could  tall  us  what  kind  of  materials  ha  used  and  whathar  ha  thinks  there  is  any  dispersion. 

R.  j.  KRIZEK:  The  answer  to  your  first  question  is  easy.  It  was  a  vary  fine  grained,  remodeled  plastic  clay.  Would  you  state  tha 
sacond  port  of  the  question  again? 

MICHAEL  ANTHONY:  What  I  was  trying  to  soy  is  that  it  seams  we  hove  neglected  dispersion  effects  due  to  different  frequency  com¬ 
ponents  in  tha  major  port  of  our  onolysis  and  I  was  wondering  if  anyone  would  like  to  present  sonia  comments  on  this. 

R.  J.  KRIZEK:  I  think  it  it  a  ganaroliy  accepted  fact  that  oil  of  these  moduli,  if  you  will,  or  compliance  functiora,  are  frequency  or 
time  dependent,  and  any  modulus  which  neglects  this  necessarily  introduces  an  enor.  How  to  remedy  this  Is,  of  course,  another  question. 
Even  a  bigger  question  is  tha  fact  that  In  whot  |  presented,  I  only  got  os  for  as  talking  about  linear  theory  (that  woa  another  ocm  of  your 
questions,  I  believe).  The  presentation  is  restricted  to  one  streH  level,  the  particular  atreu  level  indicot^  In  Figure  2 .  In  order  to  test 
a  non-linear  material,  it  Is  my  opinion  that  you  hove  to  run  similar  tests  ot  other  atreu  levels  and  thereby  get  fomilies  of  such  curves, 
each  one  cotTaspondlng  to  a  particular  atreu  level. 
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